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SECTION 1

INTRODUCTION

This was a program directed toward an improved understanding of the

sources and energization, transport and loss processes associated

with the low—energy (key) plasmas in the earth’s magnetosphere ,
particularly as they relate to ionospheric perturbations and

ionospheric—magnetospheric coupling. (jJT~der this program) the Lockheed
Palo Alto Research Laboratory (LPABL)~conducted a low—energy particle

experiment (ON&—~48~~on the S3—3 spacecraft.,which was launched in the

su~~er of i976~~ The experiment ~s still operating successfully and

has made several major d iscoveries about previously unknown ionospheric
acceleration mechanisms and the composition of the ring current.

1.
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Section 2

BAQ(GROUND/ RELEVANCE

A rnmther of Navy systems either depend upon , or are a f fec ted by , the iono—
sphere and the magnetosphere . Communication links utilize ionospheric

propagation paths which are significantly disturbed by the precipitation

of energetic magnetospheric plasma in the key range, particularly in the

polar regions . The heating and expans ion of the upper atmosphere due to
this precipitat ion can increase drag and a f f e ct  the orbits of low a l t i tude

navigational satellites . The interaction of the hot magnetospheric

plasma with synchronous satellites leads to a variety of pheonomena associated

with spacecraft charging which degrades the performance of communications

satellites in operational systems.

4 A new dimension has recently been added to our ability to study the above

phenomena with the development of energetic ion mass spectrometers which

for the first time allow for the identification of the ion species in the

measured.plasma. This capability has produced some remarkable results ,

principal of which was the discovery that 0+ is on occasion the dominant
• species in the few keV range. Since the 0

+ 
ions have a much smaller range

than pro tons of the same ener gy ,  they have dramatically differen t interac-

tion characteristics with both the upper atmosphere and with sensitive

spacecraf t surfaces and therefore the capability to identify the ion spe—

cies is required - for an understanding of the plasma effects. The ONR—ll8

spectrometer provides this identification via the utilization of both

velocity and energy analysis on the measured ions. It covers the energy

range 0.6 to 16 key per unit charge for ions and 0.1 to 20 keV for electrons.

I
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Section 3

RESULTS

Several important discoveries have resulted from the experiment. The

principal result is the discovery of large fluxes of energized ionospheric

ions streaming up the magnetic field lines from the ionosphere. This

discovery establishes the existence of a major new ionospheric—magnetos—

pheric coupling phenomenon. The characteristics of the phenomenon point

to parallel electric fields as the immediate cause of the accelerated

ions. These results and those of the ONR companion experimen t on S3—3,

which makes in situ measurements of the electric fields , put on a firm basis

the many recent speculations and inferences relating to large electric

potential differences parallel to the geomagnetic field lines in the magnet-

osphere.

Another important result was the discovery of a second type of ionospheric

acceleration mechanism which preferentially accelerates the perpendicular

component of the ion velocity. -

A third important result was the first direct measurement of the composi-

tion of the storm—time ring current. In the energy range from 1—16 keV

the main phase ring current has been found to be primarily composed of

and 0+ ions.

Some of our more recent results derive from detailed case studies and stat-

istical studies of the phenomena which were discovered in the initial phases

of the experiment. A quantitative analyses of the signatures in the ion

and electron distribution functions is leading to detailed information on

the geometry and physical processes involved in the parallel electric field

regions (see Appendix A and 8). A statistical study of downward flow ing

3—1 
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ion events has led to the conclusion that the ionosphere is a principle

contributor to the circulating ion clouds which dominate the plasma en-

vironment in the vicinity of the geostationery orbit.

These results have been described in a series of publications and pre—

sentations which are included in the following bibliography. Preprints

and reprints of the most recent articles are included in the Appendix.

T I
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SECTION 4

) S3— 3 PUML1C.\T1O~S AND PRESENTATION S

“Satellite Observations of an Ionospheric Acceleration Mechanism ,” by
B. C. Shelley, R. D. Sharp. and R. G. Johnson , Ccop h s. ReS. !~~ t t . ,
Vol. 3, No. 11 , 6c4 , .‘ r’6 .

“t~bservaticn of an Ionospheric Accele~ .iticn Mc:hanl sn Producing Energetic
(keV) Ions Primarily Norma l to the Geomagnetic Field Direction ,” by R. D.
Sharp , R. C. Johnson , and E. C. Shelley , J. Geophys. Res., 82, 3324 , 1977.

“Composition of the Hot Plasma Near Geosynchronous Altitude , by R. C.
Johnson, R. 1). Sharp, and E. C. Shelley , Proceedings of the Spacecraft
Charging Tcchnolugv Conference , edited by C. P. Pike and R. F~. Lovell ,
Air Force Geophysical Laboratory , AFGL—TR—770051 , February 1977.

“Satellite Observations of an Ionospheric Acceleration ~echanism ,” be E. G.
Shelley , R. D. Sharp and R. C. Johnson , EOS , 57 , 992 , 1976.

“Characteristics of Upward—Flowing, Energetic (keV), Ionospheric Ions Durir.~
a Magneticall y—Disturbed Period ,” by R. C. Johnson , R. D. Sharp, and E. C .
Shelley , EOS , 57, 993, 1976.

“Recent Results of Energetic Ion Composition Measurements in the Ma~nete—sphere ,” by R. D. Sharp, R. G. Johnson and E. C. Shelley , presented at the
International Symposium on the Magnetosphere and Its Environment , Christ—
church , New Zealand , January 1977.

“Energetic (keV) Ion Composition Observation s on the S3—3 Satellite .” b’:
R. C. Johnson , R. D. Sharp, and E. C. Shelley , invited pape r rresented at
the special session o~t the S3—3 satellite at the Spring l97~ t~eeti:~g of
the Ancrican Geophysical Union in Washington , D. C., May 1977 , EOS, ~S.991, 1977.

“Angular Dis’tribut ion Characteristics of Up—Streaming Energetic (key) 0
+

and H+ Ions ,” by A. Chielmetti , R. C. Johnson , E. C. Shelley , and R. D.
Sharp , EOS, 58 , 473 , 1977.

“The Morphology of Upward—Flowing Field—Aligned Energetic Ion Fluxes ,” by
A. Chielmetti , E. G. Shelley , R. C. Johnson and R. D. Sharp, EOS , 58. 716,
1977. — —

“Observa tion of Ions of Ionospheric Origin in the Storm—Time Ring Current ,”
by R. C. Johnson , R. D. Sharp, and E. C. Shelley , COS , 58 , 753 , 1977.

“Distribution of Electrostatic Potential Along Magnetic Field Inferred from
Observations of Electron and Ion Fluxes,” by J. B. Cladis and R. D. Sharp ,
ECS, 58, 716 , 1977.

“Observations of Ions of Solar Wind Origin in the Inner Magnetosphere ,” by
B. C. Shelley, R. D. Sharp, and R. C. Johnson , EOS , 58, 716, 1977.

( ) 
“Ion Composition of the Quiet Time Magnetosphere ,” E. C. Shelley , R. DSharp , and R. C. Johnson, EOS, 58 , 1217 , 1977.
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“Energe tic Heavy Tons of lonosplie n c  O r i g i n  in  the M agn et  osp he rt’ , “ by E . C.
Shelley, invit ed review pape r Prc~~’ntL.d at the LAGA Cencr.il Assembly in
Seattle , Washington , August 1977 , 10S , 58, 752 , 1977.

“Observations of Ions of Ionospheric Origin in the Storm Time Ring Current ,”
by R. C. Johnson , R. D. Sharp, and E. C. Shelley , Ce’op h v s .  Res . L e ’t t e r ~~, .

~~~,403 , 1977.

“The Latitudinal , Diurnal , and A lt itud inal Di~;triL iu tio n ~. of (‘p—St reariii~p,Field Aligned Ion Flu~ t s , A. Chic lm ett i • K .  ~~~. Johnson . E .  t~. Shel 1evand R. 1) . Sharp, Geophvs. Res. Letter~~, S , S9, 1978.

“Sate l l i t e  Measurements from Within hmospheric Struc tur es Re~
;
~’ensjhle fu r

Auroral Accel e r i t ion l’ruces,-.cs , “ K. I). Sharp • r . . She I I ev • R . .
Paper 2— 12 , Pruc&’e~d ings of the 1 n~~cph ~~r I ~

- El t e t  s Svri~ us u:i • ‘ava I Resi ’.4rch
Laboratory, and the Office of Nava l Research , January 2.’.— 26. 19 .

“A Revie w of P.lrt 1clt~ ~Ie’asui ement s from W i t h  in Ionospheric St ruct u~ es Res ’on—
sbi le for Aurora I Ac ccl erat ion Processes , ‘ K. 1). Sharp thy it ~~~ L V  I t  

~ ;‘~~ 
;‘cr

presented .it the F.~ 11 , 197 7 meet ing ot the Amer i c.in Ge’t’phvs i ta I Un ~en • 1 2 5
58, 1209 , 19~~7.

“Average P r o p e r t i e s  of U p s t r e . i m i n g  Fner~ et Ic Field Al i~ ncd lens ,’’ .\ . ~iUt~l~’t-t t 1 ,R. C. Johnson , E. G. Shelley , and K. D. Sharp, EOS, SB , 1211 ,  1’~~7.

“Observat tons of the Ring Current Composit ion fltir tn~ the 2’~ J u l y  l~~ ’
netic Storm ,” K. G. Johnson , K. 1). Sharp, and F . G. Shelley , i~~S . ‘S . ~~

“Scale of Elect r Ic Fl ~ld Along Magnet i c Fi.’l d i n St r u c t u r e s  et inverted
V Events , ” 3 .  8. (‘lad is and K. 1). S har p ,  p r e sen t e d  it S~’l a r l’ct re’ t er i a I
Physics Symposium , Innsbruck , .\ust r ia • June’ 19 S.

“Heavy Ions In t he  Mange tosp h e r e , ” F. C. She l 1ev , Invit ed rcvic~ parer pt~~~~
—

sented at the Solar Terrest rial l’h~ s ics Svnpus inn , I nn~.i’ t uck • Aust r Ia
Jun e 1978 , Space Science Reviews (in press) 1979.

“Energetic Part Ic Ic Measurements f r om W i t h i n  Tonuspher ic St rtietures Ke—
sponsib le for  Auro r a l  A c c e i c r a t  ion i’rot esses , K. D. Sharp . ~~~. t . Johnson ,
and E. C. Shell ey, J. Gcophvs. Res., (In press) 1Q78.

“Evidence for Ions of Solar  Wind  O r i g i n  In the Storm Time Ring Current Near
L • 4,.. K. C. Johnson , E. C. Shelley, R. D. Sharp, (EOS) Tr.~ns. Am. te ’h~ s.
U, 59, 348, 1978.

“Energetic Particle Measurements Within an Inverted V Accele ration Region ,”
R. D. Sharp, E. C. Shelley, and K. C. Johnson , (EOS) Trans. Am. Ceop~j ys. U,
59, 358, 1978.

“~~wnward Streaming Field Aligned Ion Fluxes in the Auroral ‘one ,” A . C.
Qiiclmctti , E. C. Shelley , R . D. Sha rp ,  and R. 6. Johnson , (EOS) Trans. Am.

~~ophys. (1., 59 , .i48, 1978.
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“Observation of Electrostatic Hydrogen Cyclotron Waves in the Polar Magnet—
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osphere ,” presented at the URSI XIX Cencra l Assembly, Helsinki , Finland ,
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~‘counters treaming Electron Beams at Altitudes of iR
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ika Radar and the S3—3 Satellite ,” K. R. Vondrak , R. D. Sharp, R. C. Johnson ,
F. S. Mozer , C. A. Catch , R. B. Torbert , J. F. Fenne l.l , P.  F .  M i z e r a , (EOS)
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“Evidence for Injection of Clouds of Ionospheric Ions into the Plasma Sheet.”
I A. C. Chielmetti , R. D. Sharp, K. C. Johnson , U. C. Shelley , (EOS) Trans . An.
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“Scale of Electric Field Along Magnetic Field in an Tnverted V Event ,”
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“Downward Flowing Tons and Evidence for Injection of Ionospheric Ions
into the Plasna Sheet ,” A. Ghielmettj . K. D. Sharp, E. ~ .. Shelley and
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I

ABSIKACT

F

Measurements of energetic electrons (0.07 E < 24 key)

and ions (0.5 < E < 16 kcV) on the S3— 3 satellite show f e a t u r e s

which are interpreted in terms of parallel pot ential drops of

up to several kV magnitude existing simultaneously both above

and below the satellite. This leads to th e inference that the

satellite is within an auroral acceleration region . Two events

of this type are examined in which the satellite is in the 7000—

8000 km altitude range and at auroral latitudes. Both events are

interpreted as traversals of an “inverted V” acceleration region

of broad latitudinal width (2° — 4°). In both cases , one can

infer a vertical extent to the acceleration region of ~ 1O 3 
km .

1) 
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I. INTRODUCTiON

Previous results have suggested that at least some types of auroral electron

acceleration processes occur within large scale Ionospheric structures contain-

ing potential drops of the order of l0~ volts aligned paraUel to the mak~net1c

field and situated at altitudes above those which have been repeatedly sampled

by experiments on rockets and low altitude , polar—orbiting satellites IGurnett ,

1972; Evans , 1974; Swift , 1975; Kauffman et al., 1976, Falihiamme r , 1977].

The S3—3 satellite (8,000 km apogee , 240 km peri gee , 97.5° inclination)

is now sampling this region of the magnetosphere and has discovered that such

structures arc indeed a commonly occurring phenomena at altitudes of about

1 ~~ at auroral latitudes. Some of the manifestations of these phenomena

are:

1. Upward flowing, narrowl y collimated beams of energetic (keV)

field aligned ions , indicative of electro static acceleration

of ambient ionospheric ions. ~Shellcy Ct al., 1976, Ghieln-.etti

et al., 19781 
-

2. Occasional conical pitch angle distributions in the energetic

ions indicating additional processes providin g a perpendicular

as well as a parallel component to the Ion acceleration. ~Sharp

at al., 1977; Chielmetti et al., 1978).

3. Signatures of keV potential drops both above and below the

- 
- satellite in the energetic electron populations IMizera and

Fenn ell , 1977; Cladis and Sharp, 1977a, b].

I-
4. Narrow spatial regions with measured d.c. electric fields

io2 mV/rn which arc referred to as electrostatic shocks by the
ers .

kr keley experiment1 [Hozer et al., 1977; Torbert and Mozer , 1978).

- 
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In this  paper we show some examples of the plasma observations from

within  these ionospheric  s t ructu re s , focusing p r im ar i l y  on the use of the

electron pi tcht ang le distributions as a diagnostic tool to p robe for indica-

tors of their geometry , particularly their vertical extent. A detailed dis-

cussion of th4~ use of this type of ana ly s i s  on ano ther  event has been pre-

sented by Cladis et al. (1977].

The Lockheed experiment on S3—3 consists of three iou—mass-spectrome ters

and four magnetic electron spectrometers which have been described in p reV i t )~~~

publications [Shelley et al., 191b , Sharp ot al., 1977 ]. The satellit e

is spinning at approximately 3 rpm with its spin axis perpendicul ar to the

orbital plane and the instruments are n~ unted with their view dire ct ions

perpend icu la r  to the spin  ax is , providin g .tlmost complete i’itch .inglc scans

of the measured f luxes .  The angular  acceptance range for the spectrometets

is approx i mate l y 6° full width. The elect ron sped romete rs have bicad ene r~ v

bands and nearl y rectangular response tun ct ions so as to include a lma~; t .iI 1

electrons with .07 < E < 26 kcV in the four mea~;urec1 in t e r v , , l s  (Sec Table I).

They are sampled twice per second p r o v i d i n g  .ipproxim.iicl y 90  angul .ir

resolution. The ion spec t rometers  each have 6 energy—per—charge settings

which ore stepped every 16 seconds. These a t e  also listed in Table  I. The

ion spectrometers  provide a complete mass-pe t—ch ar ge sweep at each of three

energy—~cr—charge values every 1 second .

Since the satellite spins at ~ 3 rpm and it requires several spins to

be able to differentiate characteristic pitc it angle structure from spatial

or temporal variations , we focus these studies on ionospheric structures with

• broad latitudinal extent whicht , as we will see , may have rel atively

weak parallel electric fields (of the order of millivolts per meter) e tending

4 ) over vert ical  d im cn sions .of ~~~~~~~~~ km. These are possibly a different class of

phenomena than those bc~ng studied by the Berkeley group (Hozer -et .il., 1977]

whose experiment more naturally focuses on high electric field phenomena

A-4
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sions(Torbert and ~1ozer ]978). The two clauses of phenomena are p,enerally

associat ed spatially but arc not identical. An

—~~ example of this spatial association is given in Figure 1 which shows data

obtained over the northern hemisphere auroral zone on 29 July 1976. The
‘I- ,

abscissa shows universal time , altitude in kilometers , invariant latitude ,

magnetic local time, and L value . The four lowest panels show the logarithm

of the counts per half—second counting interva l for the electron spectroin—

eters . The panel labeled PITCH shows the-p itch angle of the look direction

of the spectrometer. The next - four panels show the logarithm of the counts

from ions with m/q 1,2,4, and 16, respectively, summed once per second

from selected output channels from all three of the mass spectrometers giv-

ing an approximate measure of the relative flux of the relevant species. The

top panel shows the energy step of each of the three mass spectrometers. The

spin numbers arc labeled for reference. For example , for the 16—second period

associated with spin 12 the three spectrometers were set at E/q values of

1.28 , 4 .5 , an d 16.0 keV , respectively, and the mlq = 1 plot shows the sum of

the proton counts at these three energies. In fact , on this spin the observed

counts derived almost entire ly from the hi gh energy spectrometer indicatir .1 a

peak in the spectrum at E 16 keV.

In examining Figure 1 one sees two regions , labeled Region I and Region

II , each of which contains particle fluxes with common signatures extending

over a wide latitudinal range. Region I shows symmetric , 90° peaked pitch

angle distribut ions in the three lowest energy electron channels which , as

will be shown , arc indica tive of a broad region of parallel electric fields

located above the spacecraft.  Reg ion II is a broad region of ~~ward flowing

tons associated with a drop—out in the low energy electron fluxes which is

indicative of a potential drop below the spacecraft.

Roth of these regions are contained within a larger scale region in

Vhich the electron fluxes , as mea sured by the Aerospace Corporation ’s clectro—

stati c anal yzers , show the characteristic signature of an “ inverted V” eve nt

A-S
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when plotted on a grey scale energy—time spectrogram. (Mizera and Fennell ,

1978; the spectrogram for this event is shown in Figure 3 of this reference.)
4- -

Within this large scale “inverted V’1 region four  discrete , narrow , electro-

static shocks have been reported by the Berkeley group (Mozer et al., 1977]

at the locations indicated on the lowest horizontal axis in Figure 1. Upward

flowing energetic ions are occasionally observed at  the locations of the elec-

trostatic shocks [Mizera et a l .,  1977] when the pla~ na anal yzers are for tui—

tously oriented downward at the times of passage through the narrow structures .

On this occasion the Lockheed spectrometers saw no upwa~ d flowing ion s un til

the satellite reached Region II.

As indicated above , this report will focus on the broad scale structures.

Preliminary indications are that these regions are generally spatially asso-

ciated with enhanced low frequency noise or turbulence in the electric field

data [Torbert and Mozer , 1978]. The signatures of the parallel potential

drops within the structures consist of the upward flowing ion beams plus cer-

tain features of the electron pitch angle distributions to be described below .

Signatures of potential drops above and below the satellite are often observed

simultaneously indicating a substantial vertical extent to the structures.

As discussed by Chielmetti et al. (1978] the ion beams often show the corn—

bined e f fec t s  of perpendicular and parallel  accelerations as well as the

transfer of energy between the two components by the mirroring action of the

magnetic f ie ld .  This complication plus the time Zags in the ion data due to

the substantial times of flight involved (e.g., 1 keV 0+ ions require over

9 secs to travel 1000 kin) make the ion data less useful for quantitative

analysis in possibly time—varying events than the rapidly moving electrons .

Therefore, in these initial studies we will focus on the electron signatures.

f
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For the following discussion we define primary electrons as those electrons

entering the acceleration region from above and those electrons which have

passed through the accelerat ion region and are re f lected below the spacecraft

before interacting with the atmosphere . We define degraded primary electrons

as those primary electrons which have lost energy in the atmosp he re below

the acceleration reg ion , and we define secondary electrons as those electrons

which have been produced in the atmosphere below the acceleration region by

the primary electrons. As illustrated in Figure 2, the electrons observed in

the presence of a parallel upward —directed electric field above the spacecraft

fall into two general categories ; primaries and degraded prinaries with energy

greater than the potential drop above the spacecraft , (E > 

~A~’ 
and secondaries

and degraded primaries with energy less than the potenti al drop (E < The

latter class is characterized by an up—down synsnetry in thci.r p itch angle distributions

since the upcoming electrons f rom the atmosphere are all reflected by

Since the primary electrons arc all accelerated to energ ies greater than :~~. 
a

detector whose energy band is entirely below will shown an up—down syn:.e~ rv

as indicated in Figure 2a. In addition to the short—liv ed particles topolog i—

cally connected to the atmosphere (shaded reg ion in Fi gu re ~a), one often sees

a quasi—stable component of the fluxes in this energy r iii~c which are trapped

between the magne t ic mirror below the spacecraft and the electric mirror above

(angular regions indicated by circles in Figure 2a). This population is fed

by scattering and by fluctu.itions in the electric fields and , because of Inten—

sity fluctuations in the flux levels of the primaries , can build up to levels

greater than the instantaneous levels observed in the loss cone. Examples of

this class of signatures are the Region I electron fluxes in CMEA , CIEB , and

QiEC shown in Figure 1 and the CMEA fluxes in the central portion of the event

,ç illustrated in Figure 7 . 
-
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The electrons with E ‘ •A’ generally exhibit a well—defined loss cone

( which destroys the up—down syimnetry and establishes their identification. - 
-

The loss cone is both widened and deepened by the potential below the space—

craft (Cladis et a1., 1977] with the widening simpl y related to the magnitude

of this potential through the expression:

2 8s E
5
+~~8sin 

~~~~~~~
=

~~~~~
— (1)

‘~ T S

where n is the angular half width of the loss cone. ~ Is the kinetic

energy gained in the parallel field below the satellite , B
8 

and B
T are the

— 

magnitudes of the magnetic field at the location of the satellite and the

top of the atmosphere respectively , and E
s is the measured energy of the

electrons at the location of the satellite.

The primary electrons with energies only moderately greater than

also exhibit an angular cutoff in th e vicinity of 900 . This can be inter—

preted as a result of the action of the first adiabatic invariant :

sin2oç 
~ 

= 

Es A 
- 

(2)

where is the angular location of the cutoff , is the kinetic energy

gained in the parallel, field between the satellite altitude and (sec

Figure 2) and B is the magnetic field strength at Z . This equation has two

quantities which are generally unknowns, and B1. B
1 

is of particular

interest since it is related to the vertical scale size of the ionospheric

structure (labeled d in Figure 2) which can serve to help differentiate

between various models for the cause of the parallel potential drops (e.g.,

~ 
) double layers , oblique shocks , anomalous resistivity) which have character—
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istically different scale sizes. In this work we will assume isotropy of

the incident spectrum (for Z > Z
1
) and utilize simultaneous measurements of

4 electrons in the different energy ranges to provide information on both un-

knowns in Equation (2) thereby inferring values for the parameter d , as

well as obta ining es t imates  of and •B from the measured cutoffs in the

pitch angle distributions at a
~ 

and

Since we are utilizing broad band electron detectors some uncertainty

arises in the assignment of E
5 

in these expressions for and To

improve the accuracy of the estimates.of 
~~ and d one can fit an

assumed distribution function to the detector response or otherwise use

supplementary info rmation from other detectors . We have taken this approach

to estimate the energy E
5 

to be associated with the pitch angle correspond—

ing to SOZ of the total reduction in the count rate in the region of the

angular cutoff.

A more general and extended discussion of these and other signatures

of parallel electric fields in the particle distribution functions has been

presented by Kauffman et al. [1976), and ls’hi pple [1977).

II. JULY 29, 1976, 11:28 UT EVENT

As discussed above , the up-down symmetry in the pitch angle d i s t r i bu -

tions in c~~A , CMEB , and Q~IEC in Region I indicates that they arc respond-

ing primarily to electrons with energies < $~~~
. This Implies that the pri—

~~ry electrons arc accelerated out of the detector ’s energy range and estab-

lishes a lower limit of � 5 keV in this region. CHED which is respond-

Lag to the primary portion of the elec tron spec trum shows the 90’ minimums

in the pitch angle d i s t r ibu t ions  expected to result from as discussed

in Section I. The transit ion from 90’ maximum to 90’ minimum type pitch

- A-9 -
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angle distributions evidently occurs in the lower end of the ~MED energy
‘4 1

window since the observed 90’ minimums are occasionally somewha t obscured

by elect rons which retain the 90’ peaked angular distr ibutions characteristic

of the lower energy channels (see Figure 1). The C?~~D pitch angle distribu—

tion for  spin 3+ (i.e., the second of the two pitch angle scans on spin 3)

is illustrated in expanded form as the upper curve of Figure 3. The average

value of as defined above for this distribution is 63’. In order to at—

tempt to determine the uncertainty Introduced by the contribution from the

90’ peaked low energy electrons , we note from Figure 1 that the shape of

the 90 maxima in the angular distributions is generally not a strong func—

tion of energy . This is illus t rated in more detail for sp in 3+ in Figure 4.

We therefore subtract a quantity wIth the shape of t h e measured G~ C pitch

angle distribution from the Q~tED distribution in Figure 3 in order to evalu—

ate the uncertainty such a contribution mi ght introduce to the estimated

value of The maximum magnitude such a contributio n coul d h.we is that

required to reduce the measured ~~1ED 90
0 flux to zero. The residual C~~D

flux after the subtraction of such a distribution is illustrated by the -:

lowest curve in Figure 3. A similar curve corrected for a 90° peaked

contribution of half this magnitude is illustrated by the c~’i~ter curve .

Both of these dist rihut ions yiel d average ‘i~~ values of 63.~ eq ui va tent

to that derived from the uncorrect ed (solid) curve . Thus the measured value

of this quantity is insensitive In this case to the magnitude of the correc—

Uon and can be used to estimate 8
l, 

from Equation (2) and the parameter d

as discussed in Section 1. .

Within the range of the C~U~’.D detector the electron ‘lux during this

) period is generally decreasing wi th  increasing energy (P. F. Mizera , p r ivate

co~~unication J and the midpoint of the energy band (15.4 key) can be take n

A—lO ‘
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as an upper limit on E . Using the lower limit of 5 keV on • derived from$ A

the ~MEC pitch angle distribution , we obtain Be/B ~ 1.2 and d ~ 800 km~~~1
assuming a h r 3 magmctic .field dependence.

An altermative lower limit can be obtained provided there is some

residual primary flux at 90° within the bandpass of the detector which has not

been excluded by the action of •A 
(for example one of the two upper curves

In Figure 3). In these circumstances , electrons with energies at least as low

as the upper end of the CMED energy window (23.5 key) can reach a > 90° at

the satellite altitude. Thus in Equation (2) we can set = 90° and E
5 < 23.5

keV for a limit on ~ 1.3 and d ~ 1100 km.

The parallel potential drop below the spacecraft in region I is of

relatively low magnitude . The width of the OIE D loss cone (ck = 19°) shown

for spin 3+ in Figure 3 is equal to its expected value in tue absence of such

a potential. No upward—flowing ions (with E > 0.5 key) were observed in the

Lockheed mass spectrometers . The Aerospace electrostatic analyzers did in

fact see weak upstrcaming ion fluxes in the 100 eV range . [Nizera and

Fennell , 1978] so a weak potential probably did exist below the spacecraft ,

but its magnitude was too low to be detected with the techni ques utilized

here.

Region II on the other hand is characterized by the signatures of a

large 4~~
. As discussed in Section I, one sees continuous upstreaming ion

beams with energies up to 16 keV. The electron loss cones are also signifi-

cantly widened with respect to Region I (see Figure 1). This is illustrated

for spin 7+ in more detail in Figure 5 where for tMED 28’ corresponding

toa :l3 keV.

Another indicator of the strong in Region II is the dramatic suppres—

sion of the low energy secondary and degraded primary electrons in this

region relative to Region I. A potential drop above the spacecraft is also
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implied by this signature since the primary spectrum is accelerated to higher

energies, but in general this is not sufficient to suppress the low energy

electron fluxes since , depending on the primary spectrum , the fluxes of up-

coming and reflected secondaries in a given low energy region can exceed the

fluxes of primaries that existed in that region prior to the onset of the

The on the ethe r hand acts both to reflect the lowest energy secondaries

and reduce the leve l of the degraded primaries by the factor E
s

/ (E
s 

+

relating the flux at the top of the atmosphere to the flux at the satellite

which enters through Liouville ’s theorem.

In contrast to the potential below the spacecraft , the potential above

the spacecraft has not changed substantiall y between Region I and Region II.

Even though the magnitude of the low energy secondaries and degraded primary

electrons is suppressed , when detectable (i.e., in C~~C) they still exhibit

the up—down symmetry characteristic ~~ 
~A 

> 5 keV (see Figure 6). (Later ,

toward the end of Region II [~ 5pIn 121 one sees in GIEC the transition to a

loss conc/antiloss cone asynm~etry indicating that is decreasing to the

GIEC energy range (see Figure 1].) The C~~D distribu tion fur spin 7+

illustrated in Figure 5 shows a 90° minimum wi th 62°, about the same

as in sp in 3+, again approximately independent of a correction for a low

energy component peaked at 90°. From the Aerospace spec t rogram (op. c i t . )

one finds that the energy spectrum of the primary electrons in this period

has not deviated appreciably from Region I. Thus we can conclude that the

electric field geometry above the spacecraf t is approx imately the same as in

Pa$ion I ( d extending to ,~, ~~~ ka) but that the field below the spacecraft

has dramatically increased.

.
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III. SEPTEMBER 15, 1976 , 1058 LIT EVENT

() The July 29 event described in Section II was selected primarily to illus-

trate the relationship of the broad parallel electric field regions to the

electrostatic shock regions observed by Mozer et al. [l977j. it was a rela—

- - tively complicated event with overall potential drops of large r magnitud e

than are typic al. In this section we will describe a simpler , less intense ,

and isolated even t with a quasi—symmetric structure that allow s for separation

of spatial and temporal variations which generally are indistinguish able in

measurements f rom a single satellite . Survey plots for this event are shown

in Figure 7 in a forma t similar to Figure 1. One sees significant fluxes of

upflowing ions and substantially widened loss cones in B in the central

portion of the event (spins 2, 3, and 4) indicative of a potential drop be-

low the spacecraft. The maximum energy at which the upstreaming ion fluxe s

were observed was 1.76 keV on spin 3. In this sar~ region one sees 90 0

peaked pitch angle distributions with an up—down symmetry in C~~A sirnilar

to those found in the low energy channels in the July 29 event . There are

also 90 ’ minimums in the CMEB distributions which are most obvious in the

wings of the event , outsid e the region of the 90° maximums in the lower

energy electrons. Narrowly col l imated , field—aligned , downward—flowing elec-

tron “spik es” are seen at the edges of the even t in  C~fl~A. This is a corn-

~~nly observe d si gnature in this channel at the edges of the ionospheric

struc tures. We in terpret these data to indicate that the re is a field—

aligned potential drop above the spacecraft throughout the event , with

weak at the ed ges of the event where Q~LEA is responding to prima ry elec-

tr ons in the field—aligned spikes; and an increasing toward the center of

the event where the depression in the OtEA flux levels and their up-down
~( ~ sy~~etry implies that 

A ~ .24 keV.

-~~~~~ A-i3 -
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The symmetric n a t u r e  of the ionospheric structure in this event

H 
- 

is best illustrated by intercomparing the pitch angle distributions at

the high and low latitude edges of the event by “folding” Figure 7 so

that the two CHEA spikes are superimposed . This has been done in F igure

8 where both the CMEA and CMEB responses are shown plotted versus pitch

angle rather than time in order to provide a more precise interconparison .

As indicated in the figure , time progresses from left to right for the

data from the high latitude edge of the structure and from right to

left for the data from the low latitude edge. The remarkable correspon—
1’

dence indicates that we are traversing a temporall y stable structure

and that the observed variations are primarily spatial and angular. It

also suggests that there is some significance to this pattern at the

edges of the structure in terms of the mechanisr. responsible for its

origin.

A QIEB pitch ingle distribution measured near the center of the

0event is shown in Figure 9. As in the previous example , the 90

minimum is possibly somewhat obscured by a contribution from fluxes

• at the low end of the energy window with 90° peaked distributions similar

to those observed in CMEA. Again this seems plausible since it is

unlikely that the transition from 9Q0 maximums to 900 minimums in the

pitch angle distributions occurs exactly at the edge of the energy

window. Also, similar to the July 29 example, the uncertainty in

introduced by such a 900 peaked contribution is small (see Figure 9) .

I ) From the up—down synun etry of ~MEA we can infer that all the pr imaries

- 
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have been accelera ted out of its passband . This sets a lower limit on

� .24 keV . The low response in CMEC suggests that the spectrum Is

falling in the CMEB energy range , so for a lower limit on the parameter

d we use the midpoint of the CMEB energy band for E
5 

and obtain d ~ 1200 km

through the uce of Equation 2.

As before an alternative limit can be obtained for models represented

by the family of curves between the two extremes shown in Figure ~~~. For

these cases , and for the upper curve , where there is a residual response

at 900 due to the assumed isotropic incident spectrum , one can set E
5 

in

Equation 2 equal to the upper edge of the CMEB energy vindow (1.13 key)

and obtain a lower limit on B
s

/B j corresponding to d ~ 1000 km.

Burch et al. [19761 have found from measurement s on a low altitude

satellite beneath the electron acceleration regions in “inverted V”

events that the electron distribution functions are well d2scribcd by

Maxvellian primary electron beans which have been accelerated through

an electrostatic potential. A Maxwellian distribution has the property

that acceleration through an electrostatic potential changes the magni-

tude but not the shape of the energy spectrum for energ ies greater than

the value of the electrostatic potential. Thus under this assumption ,

the O1EB/CMEC response ratio R is a unique measure of the temperature of

the tlaxwellian, independent of •A’ as long as is less than the lower

edge of the ~MEB energy window or .35 keV. As •~~~~ increase s above this

level it will depress this ratio since the primary electrons are excluded

V 

from the lower portion of the QWB window . A plot of the C~U~BIGtEC response

ratio for this event is shown in Fi gure 10. The Q~~B response was taken
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at the peak of the pi t ch angle distribution on each spin while the CMEC

response was averaged over the approximately isotropic region outside the

loss cone . A plaus ible interpretation of these data is that tile tempera-

ture is slowly varying throu~bout the event (cxcept fo r  the reg ion of ob—

vious hardening near spin 5+ associated w i t h  an increase in the ~~UC response ;

see Fi gure 8) following the da~.hcd curve in Figure 10. The depression in R

from the do t ted  curv e is then due to increas ing  above .35 keV. This i n t e r —  J
pretation is supported by the fact that we know from the depress ion in C>~ A

that •A is in fact increasing toward the center of the event , and by the

approximate constancy in alEC which would most likely be affected by a

change in t e m p e r a t u r e .  Under this i n t e rp r e t a t i o n , fo r  spin 3+ we obtain

— .54 keV from the measured depression in R.
I

The widest GIEB loss cone in this event , indicative of the maximum

value of occurred on spin 3+ and is shown in Figure 9. Using this

value and the E
s 

obtained from fitting the above described ~axwel1 ian

to the a’IEB response function , we obtain = 1.9 keV from Equation 1.

H Thus the total parallel potential drop in this case is approxi~ ite1y 2.4

keV.

‘

V

Another useful inference about the geome t ry of this e~ent is obtalnLd

from the fact  that the 90 0 minimums in CME B are wider at the edges of the

even t (Figure 8) than in the center (Figure 9). We infer from the fact

that the CIEA response has not yet fa l len  to the i n t e n s i t y  level of the

secondaries and degraded primaries that is less in these edge reg ions than

in the central portion of the event. For a constant d , the 90 minimums

should get narrower as gets smaller. There fore d must be less at the

edges than in the center.

‘ A—l6 V

— 

~~~~~~~~~~~~~~~~~~ - - - ~~~~J



q~~ narro w S p U L L ~LL ~~~~~~~~~~~~~~~ - -

io2 mV/rn which arc referred to as electrostatic shocks by the
ers .

Berkeley exp eriment 1 [Muzer et al .,  1977; Torbert and Hozer , 19781.
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IV. SU~*1ARY AN t) CONCLUSIONS

0 H
We have shown two examples of plasma measurements from within large

scale ionospheric structures containing parallel electric fields . In the

July 29 , 1976 example there is an “inverted V” electron event of 4° lati-

tudinal width within which there are two broad regions of parallel electric

fields and a number of intense , narrow electrostatic shocks. Region I iS 
V

inferred to have a parallel potential drop above the spacecraft of 5 kV

or greater with a vertical dimens ion extending to ~ 1O 3 km above the space-

cra f t .  Region II has a similar field geometry above the spacecraft  and

in addition shows ev idence of a potential drop below the spacecraft of

13 kV or greater. In the September 15 , 1976 example we infer: 1. A

stable spatial structure of approximately 20 latitudinal width ; 2. A

vertical dimension extending to > IO~ km above the spacecraft , larger

in the center of the structure than at the edges; 3. A total field aligned

potential drop of 2.4 kV with both and 
~B 

reaching their maximum values

in the center of the structure . - All of these features are qualitatively

consistent with the V—shaped potential models proposed by Gurnett [197:],

Swift [1975], and othe rs to explain “inverted V” events.

The simultaneous observation of signatures of and implies that

the electric fields involved extend over a large vertical dimension. If we

assume that the fields determined from the inferred potentials and vertical

scale sizes are continuous and roughly independent of altitude , we obtain

field strengths of the order of~.mV/m in these broad scale regions in con—

tra8t to the ’~.1O
2 mV/rn fields reported in the narrow electrostatic shocks

(Mozer et al., 1977]. The inferred vertical scale sizes are much larger than

t 
) characteristic dimensions such as the de8ye len gth or the ion gy ro radi us;

A—17
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over vertical dimensions of km. These are possibly a diffe rent class of

phenomena than those being studied by the Berkeley group [Mozer et .il., 1977)

whose experiment more naturally focuses on high electric field phenomena
A-4
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however , this analysis cannot in fact differentiate between extended regions

( of low field and multiple double layers with regions of intense fields ex-

tending over short vertical dimensions situated both above and below the

satellite.
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~1 ) which the electron fluxes, as measured by the Aerospace Corporation ’s electro-

static analyzers, show the characteristic signature of an “inverted V” event

A-S

— -
~~~

-- - —.--V  --

_ _- -S ~~ - -~~ -~~~~~~~~~~~~~~~~~ — - - -  _ V _1_ ~~~~~~~ V - V-- _ _ _

e’ UISC/D673078

References

Burch , J. I.., S. A. Fields , W . B. Hanson , R. A. Heelis, R. A. Hoffman ,

R, V. Janetzkc, Characteristics of auroral electron acceleration regions

observed by atmospheric explorer C, J. Ceophys, Res., 81, 2223, 1976.

Cladis, .1. B. and R. D. Sharp, Electrostatic potent~ al differences along

asguetic field lines inferred from satellite measuremen ts of electron

and ion distributions EOS, 58, 473, 1977a.

Cladis, J. B. and R. D. Sharp, Distribution of electrostatic potential

along magnetic field inferred from observations of ion and electron

fluxes, EOS 58, 716, 1977b.

Cladis, J. B., L. L. Ncwkirk , N. Walt , C. T. Davison , and W. E. Francis ,

Investigation of ionospheric disturbances , Report No. DNA—4225F ,

Defense Nuclear Agency , Washington , D. C. 20305, Jan. 28, 197?.

Evans, D. S., Precipitating electron fluxes formed by a magnetic field—

al igned po ten t i a l  d i f f e rence , J. Ceop hy s .  R~ s.,  79, 2853, 1974.

Faithamme r , C. C . ,  P roblems re la ted to macroscop ic electric fields in t he

magnetosphere , Rev. Ceophys. and Space Phvs ., 15 . 457, 1977.

Ghielmetti, A. C., R. C. Johnson , R. 9. Sharp, and E. C. Shelley, The

latitudinal , diurnal , and altitudinal distributions of upward flowing

energetic ions of ionospheric origin , Ccopiiys. Res. L e t t . ,  5, 59, 1978.

Gurnett , D. A., Electric field and plasma observations in the magne tosphere

in Critical problems of magnetosphcric physics , edited by E. R. Dyer ,

IUCSTP Secretariat , National Academy of Sciences, Nov., 1972.

Kauffman, R. L., D. N. Walker, R. 1.. Arnoldy, Acceleration of auroral c1ec-~

trons in parallel electric fields , J. Ceophys. Res., 81, 1673, 1976.

(,) 
.

~ A—l 9 

—
~I~ : -

~~~~
- -



1- 
:

A-6 V

_ _ _ _ _  
- ~~~~-

- — 

- - 

—— 

~~~~~~~~~~~~~~~~ - i
V
-_

. . - 

L?~ C/D673078

Mizera, P. F., J. F. Fennell , and A. L. Vampola , Charged particle distribu—

tions in the presence of large d. c. electric fields , EOS, 58, 472, 1977.

4 ;  Mizera, P. F. and J. F. Fennell , quoted in Physics of heavy ions in the

magnetosphere, by J. M. Cornwall and H. Schulz, in Solar System Plasma

Physics, edited by C. F. Kennel , L. Lanzerotti , and E. Parker , North

Holland Publ. Co., 1978 (in press).

Mizera, P. F., and J. F. Fennell , Signatures of electric fields from high

and low altitude particle distributions , Geophys. Res. Lett., 4, 311, 1977.

Hozer, F. S., and C. W. Carlson, H. K. Hudson , R. B. Torbert , B. Parady ,

T. Yatteau , and M. C. Kelley , Observations of paired electrostatic shocks

in the polar magnetosphere , Phys. Rev. Letters , 38, 292 , 1977.

Sharp, R. D., R. C. Johnson , and E. C. Shelley , Observation of an iono-

spheric acceleration mechanism producing energetic (key) ions primarily

normal to the geomagnetic field direction , J. Ceophys. Res., 82, 3324 , 1977.

Shelley, E. C., R. D. Sharp , and R. C. Johnson , Satellite observations of

an ionospheric acceleration mechanism , Geophys. Res. Lett ., 3, 654 , 1976.

Swift, D. W., On the formation of auroral arcs and th e acceleration of

auroral electrons , J. Ceophys. Res., 80, 2096 , 1975.

Torber t, R. B., and Mozer , F. S., Electrostatic shocks as the source of

discrete auroral arcs, Ceophys. Res. Lett. , 5, 135, 1978.

Whipple, E. D., Jr., The signature of parallel electric fields in a

co11ision1es~ plasma , J. Ceophys. Res., 82, 1525 , 1977.

‘A—2 0 
V •

• V V

-V 



4 ) illustrated in Figure 7. 
-

-

~~~ * 

~~~~~~~~~~~~~~~~~~~~~~~ 

- 

• 

- -  

.

- : - ~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ip

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V 

~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

LNSC/D673078

- FI GURE CAPTION S

Figure 1 — Survey plots for July 19 , 1976. Universal time (labeled

SYST) is given on the abscissa. The location of four electrostatic

shocks reported by Mozer el.al. (1977) are indicated by broad horizontal

lines along the abscissa. The energy setting of the ion mass spectrometers

(step number) is indicated at the top (see Table I.).

Figure 2 — Expected electron pitch angle distributions in the presence

of a parallel electric field. V

Figure 3 — CNED angular distribution on spin 3t July 29 , 1976. See

figure 1 for def inition of spin numbers.

Figure 4 — CHEA , CMEB and C~1EC angular distribution on spin 3
+
,

July 29 , 1976.

Figure 5 — CMED angular distribution on spin 7+, Jul y 29 , 1976.

Figure 6 — CIEC angular distribution on spin 7 and 8, July 29, 1976.

Figure 7 — Survey plots for September 15 , 1976. Format is similar to

figure 1.

Figure 8 — QIEA and CMEB angular distributions at the two edges

) of the acceleration region . The vertical arrows indicate the direction

of aotion of the measured electrons. 
- .

A—2l

-~~~~--_____  ~~~~
-

~~~~~~~~~~

_ _ _ _ _



LUL m e  cause of the parallel potential drops (e.g.
double layers, oblique shocks anomalous resistivity) which have character—
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~ 
Figure 9 - DIEB angular distribution on spin 3

+
, September 15, 1976.

See figure 8 for definit ion of spin numbers.

Figure 10 — CMEB to ~MEC 
response ratios over the acceleration

region on September 15, 1976. The right hand ordinate shows the

temperature of a Maxwellian determined by this ratio.

4
I-

A-22

L.~ 
~~~~~-‘-~~ 

- - — 

— - - - - 

— ~~~~~~~~~ ~~~~~~



T - — - U~~ 

4
in Section 1. The transition from 90’ maximum to 90’ minimum type pitch

A-9

_ _ _ _ _ _ _ _ _  

- 
1V~~~ 

- 

V~~ V A  

~~~ 
-- 

~ ~~~~~~~~~~~~~~~~~~~~ ~T~’ ~~~~
LMSC/D673078

- TABLE I. DETECTO R CIIARA c1TRISTICS

DETECTOR PARTICLE ENERGY, kcV GDE, cm2 sr key

Electrons 0.07 — 0.24 1.2 x io.6

0E8 Electrons 0.35 — l.1 6.5 x io
_ 6

Q~ C Electrons 1.6 — 5.0 1.9 X 10~~

QIED Electrons 7.3 — 24 6.5 X 10~~

Energy per unit charge

Step i 2 3

- GXA 1 Ions 0.50 0.68 0.94 1.28

• GXA 2 - Ions 1.76 2.4 3.3 4.5

GIA 3 Ions 6.2 8.5 11.6 16.0
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co unicationl and the midpoint of the energy band (15.4 keV) can be taken
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t J atom of the low energy secondary and degraded primary electrons in this

region relative to Region I. A potential drop above the spacecraft is also
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Scale of Electric Fi ’~ld Along M~ignetic
Field in an Inverted-V Event

J. B. Clad is and R. D. Sharp

Lockheed Palo Alto Research Laboratory

Palo Alto , Cal ifornia 94304

ABSTRACT

The characteristics of uiagnctic— ficld—aligned—elcctrostatic—potential

differences in the structure of an inverted—V event were examined using data

on the pitch—angle and energy distribution s of electrons and ions ob ta ined

with the polar—orb iting S3—3 satellite. Potential differences were found to

occur simultaneously above and below th~ altitude of the satellite (~ 726O ki).

Both of these potential differences were determined from an analysis of the

electron distributions. The analysis also y ielded the magnetic field inten-

sity1 B1, above the satellite where the potential was ~cro. This value of

indicates that the potential extends above the satellite a distance

‘1200 kin, imp lying an apparent electric field of 1 m V/rn. The total potenti al

difference was found to have an inverted—V distribution in latitude , w ith a

0peak val ue of ~4.3 kV and a latitudinal w id t h  of ~l . Upward—flow ing It and

O~ ions , with pitch angles ~l0~ were observed in the structure . Their energy

spectra were peaked at energies near the potential differences below the

satellite , but were very broad ind icating perpendicular heating and an ion

source within the potential region . Imp lications to theory are discussed .
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p

~orcover , analysis of the magnetometer data obtained on the S3-3 satellite

during several traversals of the potential region revealed field—aligned

current densities in those regions of 1—10 h A/rn2 (Torbert and 1-~ozer, 1977).

The observations indicate that a current—driven instability, generating 
-

electrostatic waves, may provide the m echanism necessary to support the field—

aligned potential differences in the absence of collisions (see review by

FBlthartmar, 1977). Three such instabilities have been proposed, which may be

identified experimentally by the scale of the electric field : Ci) the electric

~~uble layer (Block, 1975; Block and F~ltham~~r, 1976) has a thickness measured

in ~~bye lengths C ~ lOm at an altitude of 1 in the auroral zones); (ii) the

oblique electrostatic shock (Swift, 1975) has a thickness measured in the gyro—

radii of the energetic ion component; and (iii) anomalous resistivity (Kindel

and Kennel, 1971) predicts a scale >t~ /E , where A” is the potential difference

along the magnetic field and Es,, is the elec tric field of the wave turbulence

(Fflthairmar, 1977). 
-

In this report we will present an example of the ion and electron data

obtained by the Lockheed instruments (see e.g. Shelley et al., 1976) on a

atellite pass through one of the potential regions. The characteristics of the

potentials infezred from these measurements will be described , and the iinplicatiers

of the results to theory will be discussed .
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The Lockheed exper iment (see Shelley ci al., 1976; S t ~~d . , l 9 7 7 )

on the S3—3 satellite measures the energy and pitch-angle distributions of

ions in the energy-per-charge range 0.5 to 16 keV and electrons in the range 
V

70 eV to 24 key . The measurements arc obtained with three ion mass spectro-

meters and four magnetic electron spectrometers mounted r.uch that their view

directions are perpendicular to the spin axis of the satellite . The spin rate

of the satellite is ~“ 3 Rl’Il Vabout an axis perpendicular ~o the orbital plane;

hence a nearly complete pitch-angle scan is obtained in about 10 sec. The ion

spectrometers sample the mass—per-charge (M/Q) distribution in the range 1—30

once per second . Each ion spectrometer has 4 energy-per-charge settings which

are stepped every 16 sec. The energy settinqs of each ion spec t rometer  to-

gether with the energy response of the electron spec i~~emc 1,V~~s are listed in

Table I. -

A survey plot of the data obtained over the northern hemisphere auroral

j k  
zone on September 15, 1976 is shown in Figure 1. At the bottom of the chart

are shown the universal time (SYST) , long itude , latitude , altitude , invurian t

latitude (ILA), and magnetic local time . The four lowest panels show the

logarithm of the Counts per half-second of the electron spectrometers. The

panel labeled PITCH shows the pitch angle of the measured particles. Here , the

pitch angle of 00 denotes particles moving directly down the field lines. The

next four panels show the logarithm of the sum of the counts per second of the

3 mass spectrometers for ions of MIQ 1, 2, 4 , and 16 , respectively. A code

designating the energy steps of the mass spectrometers is in the top panel.
‘I
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Although upward moving ions, closely aligned with. the magnetic field , are

good indicators of a potential difference below the satellite , they do not

provide accurate information on the magnitude of the potential difference ;

their energy spectra , as discussed by Ghielr~etti et al ( 1 9 7 8)  , are not simply

related to the potential drop .

The satellite entered the potential region fallowing the spin period

denoted by the number 1 under the pitch—angle panel (1052:47 UT) and left the

region on spin 5 (1054:37 UT). The spin numbers are labeled at the centers

~ a — ioo~ of the spin periods. Note that for many spin periods prior to 1,

the counting rates of the electron detectors were fairly u:~ifor~ except for

the loss cones due to the atmosphere below the satellite . In this region , the

oounting rates imply a Maxwellian electron distribution with a number density

of 0.66/cm3 and a temperature of 0.8 keV. On spins 2 and 3 note that all the

loss cones become wider and deeper , those of the lower energy electrons b ing

s~ re strongly affected ; the C~~ B counting rate outside - the loss cone increases

sc~ewhat; and the CME A counting rate becomes lower and has maxima at pitch

angles near 900. These characteristics , as discussed below , are due to a

potential difference along the magnetic field , principally below the satellite ,

accelerating c1~ ctrons , downward . On spin 4 the counting rates of the CME B

and CME C detectors develop “butterfly’ pitch-angle distributions (minima at

~~~O) These distributions imply a much highe r potential difference above the

satellite. Note from the M/Q = 1 and 16 panels that and 0+ ions were

moving upward along the field during spins 2 , 3, and 4.

( .)
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ANALYSIS OF E1.ICTI’~m~ MEA sUIu :~i1:NTs

The potential d i f f e r e n c e s  along the magnetic field can be determined

from the widths and depths of the loss cones. At two points , (B
8;~ 5) and

(B ,~~~), along the dynamical trajec tory of an elec tron , the energy , w, and

pitch angle, a, of the electron are related by the equations expressing the

Conservation of the magnetic moment of the electron and the total energy ,

viz., . 

-

V
sin a = sin a Cia)

S 
-

and w w + e(’—~~) (ib )

Here, B is the magnetic field intensity, ~ is the electrostatic potential ,

and e is the absolute value of the electron charge . The subscript , s, denotes

the values of the parameters at the location of the satellite. Hence , if

B
1 des ignates the limiting field intensity at the “top” of the atmosphere where

the electron m irrors before suffer ing collisional effec ts, and where ~ =

the edge of the loss cone, 
~~ ~~~~~~

‘ 
is given by the equation

B e(~’ -4 ’  )

~~~ 
5~~_i[._~ (1 + (2)

The potential 4’, toward lower altitudes , is assumed to increase mortotonically

from 0 to its maximum value, •m ’ and then to remain constant. The ~
‘f fec t of

the shape of 4’ along the magnetic field is mentioned below in the discussion
of Figure 6.
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Expanded plo ts of the counting rates of the CUE B and CUE C de tec to r s

are show-n in Figure 2 and 3. Here , the spin numbers , with the superscripts —

and + denoting respectivel y the pitch angle scans obtained during the first

and second halves of the spin per iod , are shown on the curves. These figures

show clearly the increase in the widths and depths of the loss cones from

spin 1 to spIn 3. However , the value of obtained through the

applications of Eq. (2) is somewhat uncertain , principally because the

detectors respond to a fa irly w ide range of energ ies , render ing an uncer tainty

in the cffectivc value of w
6 

and smearing ci
a
.

I

SI
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An improved determination of — was obtained by computing the

energy and pitch—angle distributions of electrons that Were bac!~~cattered

by the atm osphere using the MJSORA code (walt et al. , l%~). The backscattered

flux , computed as discussed below, was integrated over the energy response

functions of the detectors to determine the expected counting rates of the

detcctors in the region of the loss-cone “knee ” for various potential dif-

ferences below the satellite . The value of ~ — • was then determined bym s
comparing the locations of the computed knees with the experimental values at

the points of highest curvature . The AURORA code was also used as described

below to determine the potential difference from the deepending of the loss

cones. (The loss cones deepen because only those backscattered electrons with

sufficient  energy to penetrate the potential 
~ 

- can reach the satellite.)

Many of the backscaltcrd electrons arc reflected by the potential ‘

~

returned to the atmosphere where they combine with the primary electrons-to

enhance the backscatter (Evans, 1975). This effect was taken into account by

using an iteration procedure to compute the equilibrium flux. The p r i m a r y  f l u x

it Bi~ 
the magnetic field intensity where ~ 0,was assumed to be the Maxwellian

distribution that was measured on spin 1. This flux was transformed through

to B~, using Liouville ’s theorem , where it was used as inpu t to the M R3RA

code to compute the first approximation to the backscattercd flux . Those

electrons which were reflected by the potential. were then added to the pre—

viously-determined incident flux , and this flux was again used as input to the

MJRORA code to compute the next  approximation to the backscattered flux . The

computation was continued in this manner un t i l  tho backscattered f lux converged

to a steady value . The flux was then transformed from B
~ 

to B , through the
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S potential d iffe rence  4’ - to compute the associated counting rates of

the detectors in the loss cone. The computations were performed for values

Of — 4’ of 0, 1.5 , 3, and 4.5 kV. Figure 4 shows the corputed widths of

• the loss-cones for the C~~ B and CME C detectors , measured to the largest-

curvature point of the knee , p lo t ted  aga ins t  
~m — 4’ • These results are not

yery sensitive to the distribution of the clectrons
S
ar ~-o f o r  

~fl—: s ~ 1.5 kV .
In the center of the loss cones, the computed counting x~~tcs were less than

the actual counting rates of the detectors , cven for spin 1 where the potential

was essentially zero. This discrepancy may exist because the version of the

AURORA code used for this analysis does not compute the production of secondary

electrons, which may cont r ibute  si g n i f i c a n t l y  to the backscattered flux. Because

of this difficulty ,- the loss-cone depth computed for each value of c~ - was

divided by the depth computed for 
~ 

- = 0, and these ratios were cempared

with the corresponding experimental ratios , i.e., the loss-cone ~k~j’th observed

in the potential region divided by the depth observed on spin 1. Here , the

loss—cone depth is defined as the ratio of the counting rate at u to the counting

rate at a = 1800. This procedure tends to cancel errors in the backscatterod

flux which are proportional to the flux. The computed ratios of the loss-cone

depths for the CME C detector arc shown in Figure 5 plotted against 
~ 

-

The resulting potential differences below the satellite , inferred from

both the widths and depths of the loss cones on the pass throug h the potential

reRion , are shown in Fi~turc 6. The values determined from the widths of the

loss cones arc regarded to be the more accurate , and the uncertainties of

these values due to the uncertainties in a~ arc estimated to be within the

error bars shown in the figure . Another source of error may be due to an
I

effec t of the shape of the potential distribution in the calcula t ion of the

3—8
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backscattercd flux at the satellite. The satisfaction of the conscrvatjon

laws (1) at the  two points (B
~~
fl and (B ,~~) does no t assure that the

electron trajectory will go through those points. The electron u~oving

upward from the atmosphere could still. be reflected backward before reaching

because of an appropria tely shap ed potential distribution between the ‘

points (see Chiu and Schulz- , 1978; Whippl c, 1977; and Cladis, et al ., 1977).

Chiu and Schulz (1978) poin t out t hat  such reflection does not occur if the

poten tial 1 4’(B), whcn~plottcd against B, is concave downward between the

two points. In general , the eff ect is less likely to occur if the scale of

the electric field is large ; according to Cladis , et al, (1977), a necessary

condition for the reflection is that the downward electric force ec11~ acting

on the e lect ron be greater  than the opposi tel y — d i r c ~ tcd nagnet ic forc e
4

at least at one point within the interval (~ i is the magnetic moment of the

electron , and V
11 is the component of the  g r ad i e nt  pa ra lle l  te the magnetic

field). This is not a sufficient condition , however: Even i f ~(B) is a step

function , it can still be penetrated by an electron that satisfies (1) if the

potential step is located at a sufficiently low value of B within the interval.

Nevertheless , two aspects of the data indicate that an appreciable error was

not introduced by the potential-shape effect: (i) for each spin period , the

4 poten tial d if f e r e nces , 4’m~
4’s’ infer red  f r om the edges of the p itch—angle distri-

butions given by the counting rates of the detectors with different pass-band

energies (CHE B and CHE C ) ,  were in good agreement; and (ii) the shapes of

the counting—rate curves for the different detectors in the regions of the

pitch—angle knees were qui te  similar to the corresponding counting—rate curves

based on the computed backscattcrcd flux .

3-9
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4.

t The potential differences above the satellite are also shown in

Figure 6. The value of on sp ins 2 and 3 was es timated from the incre ase

in the coun ting rates of the CME B and CME C detettors outside the loss

cones , and the reduction of the CNE A counting rate. The potential

shifts the spectrum and , accord ing to Liouville ’s theorem , increases

the directional flux observed by the detectors (w
5 

> e 4’) by the factor

(w + e ~~ )/w . The value ~ v 0.25 kV was estimated from the increase in
S S S S

the electron tlux implied by the counting rates of the detectors relative to

those on spin 1 and using for w the central band pass energies. By falling

through this potential , the primary electrons acquired energ ies beyond the pass

band of the C~E A detectcr. The magnitude of its counting rate and the approx-

iuiate syn nctry of the counting rate about = 90
0 

indicate that it was

detecting principally back scattcred electrons that were refl ected downward by

the electric field above the satellite.

i_
S - - 

-
.

I
3 . ..
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On the pitch-angle scans 2+ and 4 , the Ct-IE A detector was probably also

counting electrons tha t were trapped , at least temporarily, bet~ecn the mag-

netic ficlçl below the satell ite and the elec tric f ie ld  above. Electrons may

become locally trapped in this manner by tim e and/or space variations of the

electric field along the electron trajectories. Our analys is of the CHE A

counting rate , as well as the CME B counting rate on spin 4 which is discussed

below , reveals that the local trapping consists mainly of degraded primaries

and scattered electrons which had pitch angles near 900 at the “top ’ of the

at~nospherc , where B = B
t 

. The trapping may occur for energies in the range ,

e (4’ — 4’ ) e 4’in S < w ( S (3)— S — 
0

~t . 2 D
l . 2— Sin cz - l  1 — —  Sin aB s B sS . S

This range increases from zero at

* -1 ’- B 4’O U = Sin I S n______ I (4)S ~ [B1 
(‘Th - “s)+ 

~

where the limiting energy w w is obtained by putting 
~~ 

=

in the eq~iation on eithe r side of (3), to a maximum at a = 90
0
.

I

. 
-

U .
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The right.hand side of (3) follows from the conservation of the

aagnetic itioment for electrons mirroring above the satellite , at B
1 

where

~ 0. The left-hand side of (3) follows from the conservation of the nag-

netic moment for electrons m irroring at B
t
. The min imum energy for trapping

is given by the left—hand side of (3) for a = 90
0
. This energy is within

the upper portion of the pass band of the CME A detector. The trapping of

those electrons may therefore account for the sharp peaks of the C.ME A counting

rate centered at a = 900 on scans 2
+ 
and 4 . Unfortunately, the ma.x inuzn

energy of the trapped electrons, given by the right-hand side of (3), is much

beyond the pass band of the detector for all values of a > a , hence this

detector cannot provide information on B
1.

The Ct~ B and CNE C counting rates on spin 4 provided information on both

4’ and B1
. Since the potential above the satellite increases the energy ccmpor.er.t

of the primary electrons along the magnetic field , the electrons become more

aligned with the magnetic field,and the alignment is closer for the lower-energy

primaries. Such downgoing primaries , together with those which are reflected

by the maqnetic field below the satellite , form a b u t t e rf l y  p i tch—angle

dis tr ibut ion. The b u t t e r f l y  shape of the CME C counting rate (see Figure 3)

on spin 4 is due. mainly to the acceleration of the primaries. A potential c~
that accounts for  the pitch—angle distrib ution of the primaries detected by

the CME C detector causes the lower—energy primaries observed by the CME B

detector to appear only at very small angles to the field . Hence , the energy

• 
~~~ 

must have been within the upper portion of the CHE B pass band to accoun t

for both the higher counting rate near — 00 (due to downgoing primaries),

. . . H
3—12 
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relative to that near a6 1800 (backsca ttcred electrons), and the symmetry

of the counting rate about 900 at pitch angles that are more inclined with

the magnetic field . The latter is due to backscattercd electrons that were

also reflected downward by 4’s
, and locally— trapped electrons.

The values of 4’ and B, were estimated from the CHE C counting rate by

assuming the primary electrons at B
1
to be isotropic in the downward hemisphere

and to have the Naxwcllian distribution that was measured on Spifl 1. The

directional flux of these electrons at the satellite , B , from Liouville ’s

theorem, is

j  (w , a , B )  = “o”s Exp [_ (w s 
- c 4 )/w

](2 ir3m w 3)’ie

where, from the conservation of the magnetic moment, -

a
5

Sin 1 

[
(1 — 

:
5
~
s )

. 

~~ Sin
2 cz
l] 

‘

~ (6)

for w~ ~ e •~. As mentioned previously ,  n ~ 0.7/cm
3 and W e ~ 0.8 kcV;

is the pitch angle of the electrons at B
1
. The counting rate of the c~~ C

detector due to this f lux is given by the integral ,

S keV

CR ( a )  — G J. j  (w5, a , B )  dw5 
- 

(7)

G — 5.4 x io 6 
~~
2
sr is the geometric factor of the detector , and w

1 
is the

larger of 1.6 key (the low-energy limit of the detector band pass) or

0 •  • 1w — s .
‘ (8)1

2 
I. 

-

Sin a .

- 3—13
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which follows from (6) for a
1 

= 90
0. Note that  the f l u x  givc n by (5) is

constant over the pass band of the detector in the pitch—angle range 0 <

< u~ , where follows from (8) for w
1 

W
L~ 

Hence , the count ing ra te

of the detector should be constant in that pitch angle interval. The situa—

tion is illustrated in Figure 7, which depic t s  the response of the detector ,

as a function of pitch angle , on the contours of constant flux obtained by

transforming the isotropic flux from B~ , 4’ = 0 to B
6, 4 ’ .  The relationship

between and B
1 
at the limit  of the constant counting—rate interval ,

given by the equation ,

C 4’ = w~, 
(1 — 

B
1 Sin

2 

~L

is valid for an isotropic flux at I3~~ regardless of the energy distribution .

From Figure 3, on spin 4 , it appears that a
b ~ 

60°. At the higher pitch

angles, the counting rate decreases because w1 increases and the in tegra t ion  (~7 )

is over the higher-energy portion of the energy spectrum. The distribution shc~~

on spin 4 can be closely matched with 0.8 kV and B
1
/B .77.

In order to test the sensitivity of these results to the assumed conditions ,

these calculations were also done for Maxwellians of different temperatures and

and for lower counting rate minima at 900. (The counting rate due to the primaric~

would be lower there if the detector were also counting backscattered and

trapped electrons). A distribution similar to that on spin 4 , but with zero

counting rate at 90~ , was computed for 4’ = 0.66 kV and B1/B 5 = .86. Using 4’

— .8kcV and B
~
/B
~ 

.77, but changing the temperature of the Maxwe]lian from .8

to •6kcV principally decreased the counting rate at 900 by about 50%; increasing

the temperature from .8 to lkcV, increased the 900 counting rate by about 43%.

k variation .of the 900 counting rate of + 50% was found to correspond to a variat io~.

~~ of 5%, and in BJ/D5 of ~~~~~~~~~~ 
-

8—14 -
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HNQta that the value 4’ ~~~, .8 kV , which is near the upper limit of the pass

band of the CME B detector , is also consistent with the discussion above regard-

ing the counting rate of that detector on spin 4. Yoreovcr, by substituting the

values .4’ = .8 ky, $ 2.6 kV , B
1
/B = 0.77, and B /li

t ~ 1/8 in Equation (3),

the energy range of the temporarily-trapped electrons near the edge of the loss

cone, where the CME B counting rate is a maximum, is found to be 0.6 to 1.3 keV.

The minimum energy of the downgoing primaries at B is .8 key , for = .8 kV;

hence, a high flux of degraded primaries would return to the satellite with

energies in . the trappthg range. The flux at the u~ ximum , therefore, a1 1-’ears to

consist of degraded primaries that are backscatterod and ter~porarily trappt~d , as

discussed before , making at least one bounre from the e l ec t r i c  f i e ld  above the

satellite . The decrease of the counting rate toward a = 900 appears t-o be duc

to the decreasing fluxes of successively lower ener~jy electrons of the at~ospher~c

backscatter that are temporarily trapped .

As the boundary of the potential region was approached , near the end of

the 4
+ 

scan , 41 decreased to zero , as evidenced by the sharp increase in the

counting rate of the CME A detector (note counting rate “spike ” in Figure 1)

Simultaneously , as shown in Figure 1, the flux of the high-energy prim.~ries seen

by the CME C detector increased sharply to a maximum (see also Figure 3). Sub-

sequently, the CME C and C~~ B counting rates decreased steadily, reaching the

F ~ inimum values at the end of the 5 scan. There , the potential d iffer ence below

the satellite also must have been near zero because the upward-moving ions were

not observed .

‘J .  . 
. 

‘ V
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ION E/~SUi ~Ll~ENTS -

The upward—moving ions obscrv~~I on spins 2 , 3, and 4 had pi tch  angles

less than about 100. They consisted of H and 0+, bu t  the 0+ flux was 4

lower than the H flux by about an order of magnitude. The energy spectra

of the H~ ions on the 3 spins , which include the data from the Aerospac e

electrostatic analyzer (M izera and Fennel, 1978) as well as the Lockheed

sass spectrometer , are shown in the 3 panels of Figure 8. The Aerospace data

have not been corrected for the small contribution from 0
+
. The times of the

aeasuremen ts are shown in the panels . Because of the angular disp lacc ren t of

the spectrometer apertures about the spin axis , the Lockheed observations of

the source cones fol1owed )-y~ Aerospace observa tions by ~5 seconds. The dif—

ferences between the two data sets seen in Figure 8 could result from spatial

( andlor temporal fluctuations during this interval . The calibrations of the two

spectrometers were reconciled by in ter—compar isons  in the slowly va ry ing , near l y

isotropic fluxes of the radiation belts , but no attempt has been made to unfold

the angular distributions of the up flowing ions from the instrument response

functions. The values given , therefore , represent averages over the fields of

view of the respective spectrometers (6
0 

x 5
0 

full width for the Lockheed instru— -~

ment and 100 x 250 full wid th for the Aerospace instrument). Since the field of

view of the Aerospace instrument  was larger than the angu lar wid th of the ion
-
~

beams , the Aerospace poin ts should be considered st r ic tly as lower limits. The

spectral shapes shown should be - valid , however , if the cone widths are not a

strong function of energy .

Since the Lockheed mass spectrometer is designed to scan rapidly with

respect to mass , it acquires only a three—point energy distribution on each spin.

The more complete spectrums determined by the Aerospace spectrometers indicate

that the peak fluxcs are at energies that are roughly comparable to the values of 
-

a — shown in FIgure 6 at the appropriate times; i.e., at points on the

- 
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abscissa about one-fourth of a spin period prior to the numbered spins. The

fewer Lockheed data points indicate that the peaks may have been at hig her energies -

on sp~ns 2 and 3, and at a lower energy on spin 4, in agreement with Figure 6.

Note also that the spectra are very broad , much more so than expected for a

pure acceleration by the potential difference , notwithstanding plausible time

variations of the potential ~nd the long transit time of the ions. J4oreover,

according to Ghiclmetti ot al. (1978) , ions with conical pitch-ang le distributions ,

with maxima ranging from -very small ang les to 900, are al so occasiona l ly  observed

in the potential regions. It appears, therefore , that the ions arc being accel-

crated perpendicular to the magnetic field , as well as in the parallel direction ,

in the potential region . Since the maxima of the spectra shown in Figure 8 are

correlated fairly well with the potential differences below the satellite, a high

fraction of the ions must have fallen through the entire potential drop. 
- 

-

DISCUSSION 
-

The inverted-V dis t r ibut ion of the potential  d i f f e r e n c e  as a func t ion  of spin

number, shown in Figure 6, is in agreement with the similarly-shaped energy

versus time displays of the precip i ta t ing  electrons ( the inverted-V e lec t ron  eve~~~:.

observed at lower altitudes (Frank and Ackerson, 1972) and of the upward-moving

ions observed on the S3-3 satellite (Chielmetti et al. , 1978; Mi~era and Fc~ ncl1 ,

1977). As discussed by Ghielmettj et al., (1978), the potential structure , as

Inferred from the ion measurement , is evidently a commonly-occuring feature of the

auroral zone. Analyses of different sets of the S3-3 data, have yielded results

similar to those shown in Figurc.6 (see e.g., Sharp et al ., 1978; Mizera and

Fennell, 1977), including simultaneous potential differences above and below the

satellite.

- The apparent electric field , E , along the magnetic field above the

satellite can be estimated from the values of 8
1 
and 41 obtained from the

3-17 
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spin 4 data. The ratio = .77 corresponds to a distance of about 1200

km above the s~tclljte. Hence “.‘ 0.8/1200 or .7 mV/n. The value of

below the satellite can be estimated from the values of 41 - 41 by assuming
j~ S

that C’ is located at some low altitude , say 3000 km. Such an altitude is

reasonable since many observat ions of highl y field-allyned ( c 20
0
), low-

energy electrons (sometimes fairly monoc-nergetic) have been made in the auroral

zones which indicate that 41 may be located at altitudes < 2000 km (see, e.g.

Arnoldy et al ., l974);and Ghic’lmetti et al., (1978). found that  the probabi l i ty

of seeing upward flowing ions above 4000 km cm satellite passes over the auroral

zones is high, about 60%. That altitude for 41 implies an extent of the potential

below the satellite of ~ 4000 km. The corresponding e l ec t ri c  f ie l d s ,  from the

spin 2 , 3 and 4 results , are .4 , .9, and .4 mV/rn , respec tive l .

The apparent scale of the poten t ials  is t h e r e f o r e  much h’~rg~ r then the

— 
Debye length or the cr.ergetic ion gy ro r ad iu s .  ?-~or eove r , since e lec t r o s t at i c

ion cyclotron (EIC ) turbulence is occasional ly  observed by the S3— 3 sat c l l i~ e

(Nozer ct al. 1977; K .intnc-r et a)., 1978), it appears that the electric field ~s ~~~~~:
-

likely supported by anomalous resistivity , as discussed by ~iudc’l ,and ~t’:~ne~ (l97L

Papadopoulos (1977). and Lysak et al. (1978).

Such large-scale potential distributions can , in principle , be computed from

the quasi—neutrality principle (see , e.g., Pcrsson, l%3). That is, the potential

distribution must be such tha t the electron and ion number densities are essen—

tially identical at each point along the magnetic field. If it is assumed that

the electrostatic-wave turbulence prevents the “thermal” ions and electrons

from moving along the magnetic field , as is necessary to achieve the anomalous

resistance, the charge neutrality must be established by the more energetic

i — -i
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particles. M analysis by Cladis et al. (1978) has been conducted to

determine whether the number densities - of the upgoing ions and elec trons

observcd on spin 4, and the downgoing electrons , assumed to be Naxwcllian at

B
1

as discussed previously,  might yield such a self-consistent potential distri-

bution in the region above the satellite between and B .  The fluxes above

the satellite were computed from an application of Liouville ’s theorem, and

the potentials at the - boundaries B
i and were kept at the v~tLues , 0 and .8 kV

respectively, determined from the electron pitch-angle distributions. The

Aerospace data on the proton spectrum on spin 4 were not available at that

time, hence the analysis was performed for various mathematical forms for the

— 
- proton f lux that seemed to bound the Lockheed data shown in Figure 8. The

proton flux was normalized such that the nunher density of the protons was

equal to that of the electrons at B~ . With the proton flux proportional to
-v/u .

w e ~~~, where w = .2 key, for example , excellent agreement of the nuz~bcr

densities throughout the interval was achieved for a potential that increased

almost linearly with B from B = .785 B
5 
to l3~ .

The results ot that analysis reveal that a self-consistent solution for

the potential distribution cannot be obtained with the Aerospace flux shown in

the third panel of Figure 8. In the first place the f l ux is too low by a fac tor

of about 8 to match the number density of the electrons at B~ . Even if this

flux ~~re raised to match the number densi ties at B , the pro ton densi ties would

exceed the electron densities , regardless of the potential shape, at the lower

8 values. A self-consistent solution can be obtained only i f ,  toward higher

- ) altitudes , the ion spectrum becomes progressively softer and/or the ion pitch—

angle distribution becomes progressively wider. Both such effects would be

. 3—19 .
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expected from a streaming instability of the ions.

If the Zlwccs above the satellite arc correctly given by Liouville ’s

theorem, it wou1~d then appear that lower-energy electrons and/or ions, not in-

cluded in the obseryations, are contributing to the necessary transport of

charge. From the standpoint of anomalous resistivity theory , these par ticles

might be due to run-away electrons from the locally-heated electron distribution

and/or- ions that are accelerated locally by resonating with the electrostatic

ion cyclotron waves .• In fact, such ions, wh ich escape from the local tur bulence ,

and are subsequently accelerated by a portion of the potential difference below

the satellite , may also account for the ion fluxes shown in Figure 8 at energies -

below the peaks. Of course , •a streaming instability of the ion beam might also

explain the presence of the low energy ions.

Quite often , within the potential region , one or more narrow regions

C -C .10 in latitudc)appear which are characterized by high electric fields

( ~~ 1O~ mV/rn), principally perpendicular to the magnetic field , with associatcd

potentials in the kV range (~ozer et al ., 1977). These s t ruc tures  may be the

oblique electrostatic shocks discussed by S w i f t  (1975). 7~.n observation of

several such “shocks” within the potential region is discussed by Sharp et al.

(1978). They might represent different dynamical states of the same Current

- driven instability.

- 

-

- - 
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CONCLUSIOUS

The simultaneous electrostatic potential differences above and

below the s~telli tc inferred from the ion and electro n measu remen ts , indicate

that the scale of the potential along the magnetic field is large. This

characteristic , together with observations of electrostatic turbulence and

high field-aligned currents by the S3-3 satellite , indicate that. the electric

field along the magnetic field may be supported by anomalous resistivity.

A self—consistent solution for the potential distribution above the

satellite cannot be found for the observed distributions of the upgoing ions

and electrons and the assuned ~axwellian electron distribution above the

satellite where the potential is zero. The quasi-neutrality condition can be

satisfied only if Ci) the ion distribution is altered above the satellite by

interactions that continually soften the spectrum and/or widen the pitch-a:~~1e

distribution :r (ii) particles with energies lowe r than those seen by the

detectors arc also transported along the field . A streaming instability of the

ion beam might account for (i). Likely candidates for ( i i)  arc par t ic les  which

may escape from the local turbulence : run-away electrons from the heated electrc~

distribution and ions which arc perpendicularly heated by EIC waves. Such a

source of the ions within the potential structure below the satellite is con-

sistent with the observed energy spectra of the ions, which revcal the presence

of ions with energies less than the potential differences below the satellite . 
—

Nevertheless , since the peaks of the ion spectra are at energies -corresponding

roughly to the full potential differences below the satellite , it appears that

most of the ions originated near the altitude of the maximum value of the po—

tontial. The low-energy ions might also result from an ion-streaming instability. -

- 
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TABLE I. DETF(;foR CJIARA CT ERI ST I CS

t -)I

- DETECTOR PARTICLE ENERGY , kcV CDE , cm2 sr keV

OIEA Electrons 0.07 — 0.24 1.2 x io 6

- CHE B Electrons 0.35 — 1.1 6.5 x io_6

- - atsc Electrons 1.6 — 5.0 1.9 X 10~~

QIED Electrons 7.3 — 24 6.5 X 1O~~

Energy per unit charge

Step i 2 3 4

CXA I Ions 0.50 0.68 0,94 1.28

CXA 2 Ions 1.76 2.4 3.3 4.5

CXA 3 Ions 6.2 8.5 11.6 16.0
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1. Survey plots for September 15, 1976. (see text).

2. Counting rate of CNE B detector as function of pi tch ang le. The satellite

spin number , wi th the subscri pts - and + denoting the first and second

pitch-angle scans made during the s a t el l i t e  sp in , arc shown at the curves .

3. Counting rate of CME C detector as function of pitch ang le. (Sec cap tion

of Figure 2). -

4. Loss-cone width measured to point of largest curvature of “knee”, as computed

with the A URORA code, as function of potential difference below satellite.

5. Loss—cone dep ths computed with AUIWRa\ code for various p o t en t i a l  differences

below satellite divided by the computed loss-cone depth for the potenti al

difference equal to zero. (see text).

6. Electrostatic potential differences inferred from measurements of electron

distributions on satellite pass throug h p o t e n t ia l  region.  The c i rcles

and the triang les denote the potential differences below the s~ telli tc

determined from the loss-cone wid ths  and depths , re spcct iv~ ly ,  w i t h  the

error bars indicating the uncertainties based on the loss-cone width

determinations. The squares denote the total poten tial d if f e r ences , which

include the potential dLffcrenccs above the satellite. 
-

Illustration of ‘detector response to primary electrons in downward hemisphere .

In diagram (a), contours of constant flux at B~,• — 0 — where the flux is assumed

. 8—28
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iso tropic — arc shown in velocity space ; the corresponding con tours at

8,~ 45 
are shown in (b). The contout se~~cnts between the dots labeled

1, 1; 2, 2; etc., in (a) map into the similarly labeled segments in (b).

At the contours are given the fluxes in units of (cm 2- sec.sr.kcV)~~ with the

power of 10 in paren thes i s , for  no .7/ cm 3 and ‘~e = .8 keV (see Eq. (5)),

and the electron energies in keV. The detector response ( in the range 1.6

to S keV) at a
8 

is depic ted by the cross-hatched area. Note that the detector

counting rate is constant from = 0 to a~ 
= aL .

8. Energy spectra of ions measured by the Lockheed and Acrospac~ (M-

Fennell, 1978) groups on spins 2 , 3 , and 4. Th e t imes of the n c a su r e n e nt s  are

shown in the panels .
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ABSTRACT

Energet ic  (ke V)  ions with field a l i gned p i t c h  angle d i s t r i b u t i on s  hav e

been observed streaming downward in the high altitude (-1 R
c
) auroral iono-

sp here by t he ion—mass spectrometer on the S3—3 satellit e . These dow n wa r d

streaming ion even t s  were observed much less f r e q u e n t l y  than  t h e  p r e v i o u s l y

reported upw .ird f l o w i n g  ion events. They e x h i b i ted  peak fluxes of up to

x 1O~ (cm
2
— scc—stc r—kcV )~~ and typ ically consisted only of protons with

energies less than 3 key , in two examples in v e s t i ga t ed  in detail , t i t o

similarities between the downward flowing and coincidont t r app~-d io n di~;t r i —

butions, suggest a common o r i g i n .  S p a t i a l l y  l oca l i zed  reg ions of en ’~inccd I 
-

hot (keV) p las ma de n s i t y were frequently observed in the l ow L porti on of the

plasma sheet. The statist ica l  l o c a t i o n  of th o se  “p l asma c louJ i ” correlates

well with the substorm inject ion boundary ne ar  dusk in f e r r e d  by ~k 1 l w~si u ( 19 ’ 4 )

and the downward flowing ion events occur p r e f t - r e u t  ia 11 y w i t h i n  such  ‘
~~~ 1 .I:;:-~~

clouds”. It is suggested that upward flowing ions  i ron the auroral acceler .t—

tion regions arc r e s p on s i b l e  for  b o t h  t h e  downwa rd f i o w i t - ~; i on s a n d I
V
Or  at

least some of the  “p lasm.i ci ouds ’’ . i t  is concluded t h a t  i n j e ct  ion  of cia- r ~~ Ic

ions f r om t h i s  ionospheric  source in to  the t r ap p e d  popu l . it ion of t h~ p l am sa

sheet is common and may cont r i b u t o  si g n i f i c a n t  lv to the equatorial 
~

density. The signific ant di f ference in the f r equency of ups t roaming and down —

streaming ion events further suggests that parallel electric fields I n v o l v i n g

potential drops of ~500 volts are directed preferentially upward in the altitude

range from 2000 km to ‘3 R~.
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iNTRODUCTION

4~~)
A general discussion of the cncrgctic ion composition in the magneto-

sphere is prov ided in the reviews by Johnson et a!. (1975) and Shelley (1978).

Specif ically, the presence of large fluxes of energetic trapped 0
+ 

ions in the

inner ring current (Johnson et al ., 1977) and of preci p itating 0
+ 

ions in the

auroral zone (Shelley et a l . ,  1972 , 1974; Sharp et al . ,  1974 , 1976a ,b;  Johnson

et al., 1975) dur ing geomagnetic storm s implies tha t  a sizeabic fraction of the

energetic magnetospheric particle population is of ionospheric origin. On the

basis of morphological studies on these precipitatin g ions Sharp et al. (1976b)

have inferred a local injection process that may be operating over a wide region

of local times. l’Iore recently Shelley et al. (1976) and Sharp et al .  ( 1977)

have directly observed energetic ions being accelerated out of the ionosphere

and injected into the magnetosphere. Synoptic studies have identifi ed the

statistical auroral oval and the altitude range f rom 2000 to ~S00O km as a

source region where this upward acceleration of ionospheric ions is cor.monlv

occurring (Ghiel:netti et al., 1978a). How and to what extent this ionospheric

source contributes to the various magnctospheric particle Populations and its

relation to other dynamical processes in the magnetosphere remain open

questions at present however.

Strong perpendicular electric fields are frequentl y encountered in the

regions of upwaid flowing ions (t4ozer et al., 1977; Torbcr c. and ~1o~er, i978).

These field measurements and the signatures observed in the particle distribu-

tions have been interpreted as evidence for upward directed parallel electric

fields (Mozer et al ., 1977; Mizera and Fennel !, 1977; Torbert and Mozc ’ r, 1978;

Cladis and Sharp, 1978; Sharp et al., 1978a). If oppositely d~,rectcd parallel 
-

electric fields existed in these regions they would be expected to. give rise

C-3
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to similar field aligned ion distributions flowing in the downward direction.

Thus, the rela t ive frequency of occurren ce of downw ard f l ow ing ion (DF 1) and

of upward (lowing ion (UFI) distributions has direct implications on the

nature of auroral acceleration processes.

If upward flowing ions occur on closed field lines they may become

trapped through pitch angle scattering and contribute to the equatori al

particle populations. In the absence of significant pitch angle scattering

these ions would appear in the conjugate hemisphere as DFI distributions .

Thus the occurrence frequency and the characteristics of DFI d i s t r i b u t i o n s

provide information not only on the interactions taking place during t r ans-

port through the equatorial region but also on the i n j e c t i o n  of this ionos-

pheric plasma into the equatorial populat ion .

Downward flowing ion distributions in the altiLude range of ~1 R~ have

only recently been observed (Fennel et i i . ,  1978; C Le inc-te j et al ., l 9 7 S b ) .

At low altitudes (~ 200O km) a n i s o t r o p i c a l l y  p r e c i p i t a t i n g  ions h ave p r ev i o u s l y

been reported (R ?~r c  an d Bos~ u cd , 1971; U u l t c j v i s -t , 1971 , 197 S) .  S i m i l a r  f i e l d

aligned “sou r ce cone” structures of energetic ions (~Iauk a d ~~ c I i w i i n ,  1975;

Borg et al . ,  1978; Ceis s  et a l . ,  1978) , and bounc ing  c l u st er s  of ions iuft rr cd

to be 0+ (Mc I lw~iin , 1976) have been reported at geosynchronous altitude.

In this paper we present the results of a study of downward flowing

field aligned ion distributions observed by the S3—3 satellite i n  the critic al

al titude ra nge of 1R
E 

where ions are g e n e r al l y  acce lerated  upward . The

characteristics of these events , their relationshi p to magnetospheric boundaries

and to the trapped particles are investigated and the imp lications arc dis~

cussed. Two examples of broad regions of downward flowing ions and enhanced

plasma regions are described in detail , followed by a statistical study of the -

occurrence of these events.

C—4 -
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EXPERIMENT DESCRIPTION

S 
The measurements to be described were made by a set of 3 energetic

ion mass spectrometers and 4 broadband electron spectrometers aboard the

S3—3 (l976-65B) satellite. The spacecraft is in an eliptical polar orbit

with apogee at -8000 km , pe r igee a t 250 km , an inclination of 97.5 degrees

and a period of -3 hours. Since the spin axis is oriented perpendicular

to the orbital plane and the sensors are mounted with their view directions

perpend icular to the spin axis , nearly complete pitch angle scans arc obtained

once every half spin (-9 seconds). The three ion spectrometers , each at a

d i f fe ren t  energy se t t ing ,  s imul taneously  acquire complete mass scans over

the mass/charge range from 1 through -32 Mm/charge once every second.

Every 16 seconds the energy setting of each spectrometer is stepped through

one of 4 exponentially spaced values , thus providing a 12 point energy spectrurn

between 0.5 — 16 key/charge in 64 sec. The mass resolution is s u f f i c ien t

to separate 11
+
, 
4He~~ , 

4
11e
+ and 0+ ions at re la t ive  in tens i t i e s  of less than

i0 2
. The electron spectrometers cover the energy range from 0.07 ~~. E ~~. 23.5

keV in fo u r almost contiguous energy bands with a near ly  constan t  response

function. The acce ptance angles of the ion and electron spectrometers are

approximately ±30 at full width. More detailed descriptions of thc instru—

ment have been presented in previous publications (Johnson Ct a l . ,  1977;

Sharp et al., 1978a).

11
S
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OBSERVATIONS 

-

~ ) Approximately 370 orbits of data were examined for downward flowing

ion (DFI) events. From this data set we have selected the  two most consp ic ious

DPI events for detailed discussion. Both involve large fluxes of highly

anfsotropic ions precipitating over a wide latitudinal region.

Downward f l o w i n g  ion event  of REV 619

Overview. This event was observed iiear local evening 7600 km above

the northern auroral zone. It occurred on September 24, 197 6 at -0020 U~

during the late recovery phase of a minor magnetic storm that had ~1eve1oped

on September 18. This storm is characterized by a peak I~p of 6 on Septc~±cr

18 and 20 , only moderate ring current injection with a peak l)st of —?2~ , an~i

a slow recovery. The sum of Kp was 13+ for the day of the observation

(a Q—day) and 20 for the preceeding day. A few hours  b e f o r e  th is  event

Dst showed a small negative excursion to —35y which is suggestive of a

substorin i n j ec t ion .

A survey plot showing the raw detector counting rates from t h i s  event

as a func tion of universal time (UT), alt itude (ALT), invariant latitude (ll_\) ,

• magnetic local time (MET) and L value is given in Figure 1. The top pan el

indicates the en~ rgy step of the 3 ion spectrometers and the period (16 sec)

spent on each step. The next two panels show the logarithms of t i e  sums of

the counts from all three spectrometers from the mass channels s ensi t i ve

to ions with mass per charge h1/Q 1 and 16 respectively . These values arc

displayed once per second corresponding to 200 rotation in pitch angle. The

4

’ 

) 

latter is indicated in the panel labeled P ITCH , where zero is the direction
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of precip itation into the ionosphere . During this section of the orbit

pitch angles down to -5 were sampled. The four bottom panels give the

4 logarithm of the count rates from the four electron detectors samp led twice

per second . For a better characterization of the various plasma regimes

encountered during this section of the satellite trajectory we present the

derived plasma properties in Figure 2. These Include the electron and

proton number densities , energy densities , average energies , and precipitated

energy fluxes projected to ionospheric altitude. They were calculated on

the assumption that the fluxes are concentrated at the logarithmic centers

of the detector energy bands and take i nt o  account  the  measured pitch ang le

distributions . The periods of averaging, generally approximately one minute ,

and the statistical uncertainties , unless smaller than the symbol size , are

indicated by the horizontal and vertical bars respectivel y . ~e note first in

Figure 2 a rap id increase by about an order ot magnitude in the e le c t r o n

energy density accompanied by a decrease and a minimum in the av~ ragc cner~ v

at .71° II~~. These features are interpreted as the inner ed ge of the p li- ~::~a

sheet (Vasyliunas , 1968, 1970; Frank, 1971; Sch ic1J :in~!_ Fr~~~~, 1970 ) .  The

unusually low number densities and hi gh average energ ies  j u s t

equatorward of th i s  boundary may r esu l t  from the limited cucrgy rande of the

electron detectors  (E ~ 75 cV) . The region of r e l a t i v e l y  hi gh proton and

electron fluxes extending poleward of this boundary up to ~800 IL\ is identi-

fied in Figure 2, as the plasma sheet. Further polcuard the fluxes drop to

near the detector backgrounds. The more energetic electrons (1.6 - 5 keV and

7.3 — 23.5 kcV) exhibit up and downcoming loss cones out to -78° 11-A where

they drop below the sensitivity threshold of the detectors (see Figure 1).

This boundary is indicated in Figure 2 as the energetic electron “trapping

{ boundary ”. Although it is not possible to unamiguously Identify the boundary

c—i -
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of closed field lines from particle signatures the presence of downcoming

loss cones in the pitch angle distributions is generally interpreted as

4 - indicative of a closed field line geometry. The actual boundary of closed

field lines may be further poleward however.

For the purpose of the following discussion we subdivide the data

period into three principal regions based on the proton plasm .i characteristics.

These are designated as regions I, II and III in the upper margins of Figures

1 and 2. The region designated I, extending inward of the inner  edge of

the plasma sheet , exhibits low proton number  dens i t i e s  and hi gh average

energies. Region Ii was chosen to cover the lower latitude ~cction (-71° to

74’ ILA) of the plasma sheet , containing large fluxes of low energy protons.

Region 111 covers the remaining high l a t i t u d e  sec t ion .  I -

A subregion between 0019 :40 and 0021:00 UT ~ ii1i in Reg io n 11 and d e s i g —

nated as h a  in Figures 1 and 2, is of key interest. Referring to Figure 1 ,

we note that the 11
+ 
(~1/Q = 1) fluxes peak in the downward direction (P1TCiL 0°)

within this subregion. To quantify this peaking in the distributions we

define the anisocropy as the ratio of average source cone (00 ~~. a ~ 30°) flux

to the average trapped (~0° < Cl < 1200) fl ux. For the 6 consecutive satellite

spins in Region h a  the anisotropies ranged between 2 and 26 w i t h  s t at i s t i ca l

signif icanc e typ ic a l l y  ~3o. The repetitive character of the anisotropy is

convincing evidence that it resulted from a genuine p itch angle dependence

and not from temporal or spatial variations in the fluxes. In addition to

this extended region of OFt distributions , three o the r  i so la ted  OFI d i s i r i —

buttons occurred in the higher latitude portion of Region II with anisotropies

ranging between 2.2 and 2.9 and statistical significance above 2o. Between

the extended DFI event indicated by the shaded area in Figure 2 and the -

I ) isolated DFI events , a subregion of 

::
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~~ 

electron energy fluxes and f i e ld
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aligned preci pitation of low energy (-1 kcV) electrons was encountered . This

subregion , extending from approximat ly 72° to 72.5° ILA , is indicated by the

shaded area labeled UFI in Figure 2. It also included an upward flowing

field aligned beam of 0.5 keV 0
+ 

ions wi th peak flux of .9 x io6 (cm 2 — s e c—

ster—keV)~~ (Figure 1). The significant decrease in the proton nurnb~ r density

and increase in the average energy within this subregion resulted from a

reduction of the trapped low energy component of the proton distr ibution . These

features are suggestive of downward electron and upward ion acceleration .

Two additiona l multiple spin UFI events occurred in region III. The event

equa torward of the elec tron “trapping boundary ” was the most intense with

peak fluxes of .1 x io8 pro tons (c m2—sec—ster—keV)~~ at 0.5 key. The more

poleward event involved both 11+ 
and 0+ ions at energies of 0.5 — 1 .76 kc V.

Angular and energy distributions. The average energy and pitch angle

distributions for regions I, II and III are shown in Figures 3 and 4. The

differential energy spectra were obtained by averaging the fluxes over pitch

angles from 30° to 1500 for the trapped component and from 0° to 30° for the

precipitating component. The angular distributions were obtained by integra-

ting the fluxes over the specific energy ranges indicated in the figures. ~e

see that the proton fluxes peaked at energies of -10 keV or above in region

I (Figure 3a), and exhibited the typical upward and downward loss cones of

trapped fluxes with weak or no pitch angle diffusion (Figure 4c). In region

Ii, both the trapped and precipitating components of the proton fluxes increased

dramatically at low energies (Figures 3b and 4d) resulting in an energy spec-

trum peaked at -l keV. The angular distribution of these low energy protons

was peaked well within the downward loss cone. This peak is pr imar ily caused

by the multiple spin DFI event in subregion h a  since the fluxes were approxi—

~ately isotropic in the downward hemisphere for the remaining section of

- C-9
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region II (Figure 5). The precipitaled energy flux resulting from the

DFI’s in this subregion is strongly enhanced (F igure  2) and sufficiently

) intense to excite visible proton auroras. The more energetic , ring current—

like, component of the proton flux remained comparable to that of region I
.

~~~ except that the downward coming loss cone (0°) was filled in. At hig her

latitudes , in reg ion III , the fluxes decreased over the entire spectrum ,

but most dramatically at low energies (Figure 3c), and became isotrop ic in

the downward hemisphere (Figure 4g, h ,i). The peak near 180° in Figure 4g

results from the UFI’s discussed previously.

Ion composition. The abundances of ion species other than were

determined for the low (0.5 ~~. E ~~. 2.1 key) and high (5.4 ~~ E ~~. 16 keV) energy

parts of both the trapped and precipitating components. No statistically

significant amounts of He2+
, He+ or 0+ ions were detected in any of the

+three regions however. Note that the upstreaming 0 event in region II is

not included in these averages since only trapped and precipitating fluxes

are considered. The limits to the flux ratios in the low energy downward

streaming component of region II were (3 ± 5) x l0~~ for 11e
2+/U+ and (1 ± 6)

x 1O~~ for o+/}ff~

Downward flowing ion event of REV 1398

Overview. The second example of downward flowing ions to be discussed

occurred during the main phase of the December 29 , 1976 magnetic storm at

-1051 UT. The observations of ionospheric ions in the ring current  d u r i n g

this time period are discussed by Johnson et al. (1977). This even t was

observed in the premidnight local time sector near 0300 hours MLT at an

altitude of - 5000 km above the southern auroral zone. The inner edge of the)
~ 

.
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plasma sheet , a lthoug h not as clearJy  de f ined  as in the previous example , was

estimated to be at 56° ILA on the basis of the decrease in the electron

-

~~ 

energy density. The plasma sheet extended to -69° ILA where the more energe—

tic electron and proton fluxes dropped below the sensitivity threshold of

the instrument. Both upward and downward loss cones were observed in the

energetic electrons up to -67° ILA , which is indicative of closed field

lines in the region equator -ward of this “trapping boundary ”. Downward

flowing ions were encountered on 8 consecutive spins during a 2.5 minute

interval between 59.5° to 62.8° ILA. They involved peak fluxes of up to

6.7 x b0~ (cm
2
—sec—ster—keV)~~ and pitch angle anisotropies ranging from

1.7 to 11.1 with a statistical significance of typically ~3a. Although

significant fluxes of trapped 0+ ions were present in this event only the

ions were field aligned (i.e. maximum along the magnetic field direction).

As in the previous case this region of downward flowing ion distributio ns

was des ignated as region II. Regions I and III were taken to extend from

57.0° to 59•50 and 62.8° to 65.7° ILA respectively. Thus , the DFI event

was located in the more central section of the plasma sheet. A region of

downward auroral electron acceleration approximately 1.5° wide occurred at

the electron “trapping boundary ”, but the data showed no evidence of UFI

distributions. Although the plasma number and energy densities exceeded

those of the first example (see Table I), they were not unusua l  f o r  these

regions of the plasma sheet (Vasyliunas, 1970).

Energy and angular d i s t r ib u t i o n s .  The d i f f er e n t i a l  en ergy spectra  fo r

the three regions arc shown in Figure 6. We note the presence of a low

energy trapped proton component in regions I and II with a relatively f l a t

distribution below -l keV. These fluxes decreased significantly (by nearly

a factor of 10) in region III. At higher energies (~~ 
5 kcV) the r ing

C—il 
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curren t proton fluxes gradually decreased with latitude , but remained significant

in all 3 regions. A comparison of the number densi t ies and in tegral f l ux

ratios (see Table 1) indicates that the low energy trapped protons were

enhanced in region II with respect to the nei ghboring reg ions. As a result

the average energy minimized here. The angular distribution of these low

energy protons in region II was strongly peaked in the downward direction

(180 pitch angle for this case since it was in the southern hemisphere)

with a peak flux that was about an order of magnitude higher than the 90°

flux (Figure 7d). At intermediate and hi gh energies the angular distributions

indicated onset of strong pitch angle scattering near the poleward edge of

region 11. Thus the differential energy spectrum for the precipitatin g

component showed decreased fluxes at higher energies and a broad peak at

-

~~ about 1 keV (Figure 6). Although the electron fluxes were generally isotropic

outside the loss cones in this region , strongly field ali gned precipitating

elec t rons with energies �1 keV were observed on 4 spins. Examples of these

are displayed in Figure 8. The precip itated energy flux from these e l ect r ons

projected to the ionosphere was 3.5 (erglcm
2
—scc) (on spin 7) w h i l e  the

low energy protons precip itated at an average r a t e  of -0 .2  (erg lcm 2 — sec) .

Ion composition. Although 11+ was again the major  c o n s t i t ue nt  of the

ion f luxes , s i g n i f i c a n t  f luxes  of 0+ and He+ ions were also observed. The

+ . .0 ions were more abundant at higher energies as indicated by the different ial

- 
- energy spectrum for region 1, shown in Figure 6. The 0

+
111
+ 

flux ratio in

this higher energy component (5.4 S. E ~ 16 keV) decreased progressively with

increasing latitude going from (1.3 ± .1) x 10
_i 

in region I, to (7.8 ± 1)

x i0 2 in region II, to (4.1. ± .8) x in region iii. At low energies

(0.5 £ E S. 2.1 keV) this ratio was (3.6 ± 1.9) x io
_2 

in region i. A s t a t i s —

+ + -2tically significant He In ratio (2.4 ± .6) x 10 was obtained only for the

t.) 
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high energy component in region I. For all other regions and plasma components

the fluxes of the minor ion species were consistently near background , (e.g.

within  the low energy downward flowing component of region II these ratios

were (— .9 ± 1.3) x 10 2 for 1Ic 2
~ /1i~, (.8 ± 1) x io

_2 
for  lle+/ I1+ and (.6 ± .7)

x io
_2 

for 0~ /H~).

Statistical features of downward f l o w i n g  ion events

To determine the morphology of the DFI d ents , data in for form

of survey plots of the type shown in Figure 1 were scanned visually for sig-

natures of field aligned anisotropies. The study was limited to the high

latitude regions poleward of the radiation belts (usually ~60° ILA ) and

to altitudes above -2000 km. It was based on the same data set tha t  was used

in the statistical study of UFI distributions (Ghielmctti et al., l978a) ,

covering the time period from July 1976 to February 1977 and inc lud ing  -370

satellite orbits.

For the purpose of this survey we defined the pitch angle anisotropy

as the ratio of flux in the downward d i r e c t i o n  to the flux at -90°. In

general , a downward field aligned component must  be distinguish ed from

statistical fluctuations of the isotropic population. The estimated sensi-

tivity thresholds for this survey are as follows : the pitch ang le anisotropy

sus t exceed ‘1.5 , 4 and 2.5 if the isotropic fluxes are 1, 7 and 20 x 106

(keV/cm2
—sec—ster—keV), respectively. To be accepted as a DFI event we

required tha t either anisotropies meeting the above criteria recur for at

least two consecutive spins (multiple) or that the anisoiropy exceed -10 on

single spins (single). With these constraints only 2 multiple and 6 single

( ,~~ spin DFI events were observed; corresponding to a frequency of occurrence

of less than .05 per orbit.

C-13 
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These DFI events were observed at altitudes above - 4000 km on the night

side (1500 — 0700 MLT) . They typ ica l ly  consis ted of f ield al igned 11 ions

‘ only , wi th energ ies less than -3 keV. Occasiona]ly more energetic protons

with energies up to 16 keV and 0
+ 

ions were observed. DFI events were

frequently located equatorward of and at times immediately adjacent to UFI

or auroral electron acceleration regions. At least one event (REV 2210) was

discovered whe r e DFI distributions occurred on several spins within a wide

- 
region of UFI distributions. In this case the UFI’s consisted largely of

0
+ 

ions with energy less than -4 keV while the DFI’s were exclusively

with energies up to 16 keV.

The local time region around dawn was inadequately sampled during

the time period of the initial study . Therefore, to i nves t i ga t e  wh e t h e r

or not a dawn—dusk asymmetry of the type observed in  the  UFI events extis ted ,

a separate study of data acquircd when the orbit of the S3—3 satellite was

in the dawn—dusk plane was made.  For th i s  purpose da ta  f rom ~- ay to Septem—

ber 1977 were added.  A t o t a l  of 200 o r b i t s  s a t i s f i e d  the condition of

passing w i t h i n  2 hours  ~a.T of dusk and dawn.  In th i s  s epa ra t e  s t u dy  we

iden t i f i ed  9 sIng le  spin events  and 1 m u l t i p l e  spin event  in the dusk sec-

tor ~nd 7 s ingle spin events  and no m u l t i p le sp in  event  in the dawn sector.

Thus , in contrast to the UFI events (Chielmetti et a l . ,  1978) , no statis-

tically significant difference is indicated in the occurrence frequency of

DFI events b e tween dawn and dusk.

DFI events were often observed in association with subregions of

enhanced fl uxes of trapped ions of similar energ ies. To de termine the

frequency of occurrence of these subregions , data f rom the dusk port ion of the

previously described separate study were examined.  For this analys is we

-defined an “enhanced p lasma event ” as a large (-lOx) energy f lux  increase in

-w
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the soft protons (E ~ 5 keV) relative to the harder (E � 5 keV) protons.

In addition we required that the more energetic protons be present over

latitudinally extended regions both equatorward and poleward of these sub-

regions. Using this criterion any plasma enhancements located immediately

adjacent to the low or high la titude boundary of observable energ etic p ro ton

fluxes would have been excluded. The study was restricted to the dusk sector

where the inner boundary of the plasma sheet could be identified from the

decrease in the electron energy fluxes (see for example REV 619, Figure 1).

The results of this study are presented in Figure 9. The shaded histogram

shows the probability of observing an enhanced plasma event within the indicated

latitude interval in the 16—20 MLT sector above 6000 km altitude. For corn—

parative purposes the latitudinal distribution of UFI events averaged over the

two dusk local tine sectors has been included from Chie1rnt~tt i et al .  (l978a).

Enhanced plasma events were observed on approx ima tely 25% of the orbits and

• most freq uen tly be tween 63° and 74° 1LA . Their low latitudt~ boundary was

on the average located - 1 L—unit poleward of the inner edge of the p lasma

sheet and their average width was -1.7L—units. The majority of DFI events

observed were found to occur within these enhanced plasma subregions. Since

both types of events occur relatively infrequently and both types have

relatively narrow latitudinal extension , this correlation is significant and

further indicative of a causal relationship between the two phenomena.

0 . 
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DISCUSSION

In both examples of downward flowing ions (DFI) presented above the

distributions were field aligned in pitch angle and peaked in energy.

These features are suggestive of an acceleration preferentially parallel

to the magnetic field. Several mechanisms have been proposed to account

for such distributions in the auroral electrons (see reviews by Evans,

1975; F~%lthaurnar, 1977). Fermi acceleration has been discussed in detail

by Sharber and Heikkila (1972). This process requires multiple bounces

between hemispheres and thus results in both upward and downward loss cones

in the ion and electron fluxes. In contrast the pitch angle distributions

described above for the protons (Figures 5 and 7) and for the field aligned

electrons (Figures 1 and 8) are peaked well within the downward loss cone ,

and thus are inconsistent with having resulted primarily from Fermi accelera-

tion.

Alternatively, parallel electric fields may give rise to field aligned

distributions . If the DFI are produced by electrostatic acceleration of an

initially isotropic plasma, the degree of field alignment observed requires

a relatively cold source population with energies typicall y ~i x i0
2 eV

(near the satellite) and decreasing with increasing altitude. This excludes

the hotter plasma sheet population as a source. It is not possible on the

basis of the ion, distributions to uniquely distinguish between parallel

acceleration above but near the satellite and at the conjugate hemisphere

however.

The detectability of a DFI event resulting from downward acceleration

above the spacecraft is a function of both the degree of field alignment

) (anisotropy) and the flux amplitude. A precise determination of the effective
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probing dis ta nce for  downward direct ed fields above the spacecraft would

require a knowled ge of man y plasma t ’a r ametc rs that are not presently known ;( 
~ however , estimates of the probing distance can be obtained on the basis of

some simplifying considerations. For a model of parallel electrostatic and

scatter—free acceleration such as discussed by Kaufmann Ct al., (1976),

the minimum plasma density required to provide detectable fluxes at the

satellite may be calculated. Assuming a Maxwellian plasma with typ ical

temperatures of ~l0 eV the required densities are -l cm
3. In the absence

of pitch angle scattering and perpendicular heating these resultant field

aligned fluxes will be contained in the downward hemisphere if the source

is wi th in -8 RE above the satellite. However , in view of the observed

angular width of UFI distributions within the acceleration region (10—20°

FWHM) this simple model may not be realistic. If one uses pitch angle

distribu tions with these greater widths immediately after acceleration ,

and takes into account the sensitivity levels discussed earlier , the m~ixthu~

effective probing distance above the satellite reduces to a more typical

value of -3 R
E
. The typical ambient plasma densities and temperalures

measured on the S3—3 satellite at altitudes up to 8000 km arc 5—50 cm
3 and

1—5 eV respectively (Hozer et al ., 1978). The ambient plasma densities

measured during the DFI events on REV 619 and REV 1398 were -10 cm 3 and

.102cm 3 respectivel y (F. S. Mozer, private communication) . Values of

-i cm
3 are not unusual for the regions at or beyond the synchronous orbit

(I~ nnartsson and Reasoner, 1978; Curnett and Frank, 1974). Since the am-

bient plasmas conditions are generally adequate to produce detectable DFI ’s

we conclude from the low frequency of occurrence of these DFI events that

if downward directed quasistatic parallel electric fields involving poten—

( ) 
tial drops ~ 500 V occur in the altitude range from 2000 km to .3 P

1 
they

are an infrequent phenomenon.
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The above conclusion Implies .~ strong asymmetry in the mech-

() snism for parallel ion acceleration , favoring the upward direction . Such

an asymmetry may indeed be expected if the parallel elec tric field s are

primarily related to the effects of magnetic mirrorin g as discussed by

Lennartsson (1976). According to other models parallel electric fields

.ay result from current driven plasma instabilities. Since the peak cur—

rent densities of the large scale upward and downward flowing currents

observed by the TRIAD satellite (lijima and Pott~mra, 1976 , 1978) arc of

comparable magnitude , It appears that the downward flowing currents may be

less effective in driving such instabilities in this altitude range .

Evidence that downward acceleration of positive particles may occur

at lower altitudes has been reported by R~ mo and I~osqu~~ (19fl) and Itul t—

qyist (1971, 1978). However , the anisotrop ic ion fluxes observed by Il u t t —

qvist et al . (1971, 1978) exhibit different characteristics from the DF1

events presented here suggesting a different process. Intense beans of

narrowly collimated upward flowing field aligned electrons have been

observed near the magnetic equator (Hellwain, 1975) and more recently at

the S3—3 orbit (Sharp et at. , 1978b). They L~avc not been observed  simu]—

taneously with DFI events and appear to be a separate phenomenon. At an

altitude of .1 RE Fenncll et al . (1978) have recently reported the

observation of a DFI event that, was interpreted as consistent with a

local downward directed parallel electric field. However , the obser-

vations of a region of downward electron acceleration within the reg ion

of DFI in REV 619 and concurrent with DFI’s in REV 1938 do not appear to

be consistent with a simple model of a quasistatic downward directed

parallel electric field located above but near the satellite.

j
’ 
) 

The two examples of DFI events presented in detail in this paper

occurred in the inner regions of the plasma sheet on closed field lines.
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Examination of the plasma parameters in Figure 2 and Table I and of the

differential energy spectra in Figure 3 and 6 reveals that both events were

located within a wider region of strongly enhanced low energy (~2 keV)

trapped proton fluxes (enhanced plasma events). The enhancement was parti-

cularly large in the case of REV 619 where the number density increased by

factors of -8 and ,io2 relative to the two neighboring regions . Although

the increase was relatively smaller in the example of REV 1398, possibly

because of the larger fluxes of hot ring current plasma present during the

magnetic storm , it was still significant. The more energetic (~5 keV) ring

current protons exhibited relatively unstructured fluxes throughout the

plasma sheet and remained unaffected during these enhanced plasma events.

Thus these subregions appear as high density plasita clouds of relatively

cold (kT - .5 keV) protons with limited latitudinal extension (.30 ILA).

They are embedded within the plasma sheet and within the more extended

regions of hotter ring current fluxes. The enhanced plasma cloud ions and

concurrent DFI’s were observed at similar energies (Figure 3, 6). Since

their angular distributions were in both cases wider (see Figure Sb , 7d)

than the loss cones , a fraction of the downstreaming popul ation was trapped .

In order to investigate the relationship between the DEl and the

trapped components in more detail we subjected the anisotropy and the ratio

of the low to high energy components of the trapped fluxes in region II to

a linear regression analysis on a spin—by—spin basis. In the first example

of REV 619 the correlation was not found to be significant; however , this

data set contained only 4 spins with DFI’s and the statistical uncertainties

were large. Using the 8 spin periods in region Ii and the first

( ) and last spin of regions III and I respectively in the example of REV 1)98
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we obtained a correlation coefficient of 0.8. This value is significant

at the 1% level suggesting that a correlation did in fact exist between the

field aligned precipitatin g and trapped component of the low energy fluxes.

The ionic composition of the fluxes provides a further means of dis—

tinguishing between the origins of the different components. In the example

of REV 619 only protons were positively identified; the absence of signifi—

• cant fluxes of ~~~ ions in the preci pitating component is consistent with

an ionospheric ori gin for the plasma . In the event of REV 1398 the high

energy component contained substantial amounts of 0+ and He4’ ions while the

enhanced low energy plasma was devoid of these species and exhibited essen-

tially the same composition within statistical limits as the DF1 population .

The results discussed above are thus suggestive of a causal relation—

ship between the trapped and the field aligned precipi tating low energy

components and are consistent with a common origin. Since the field aligned

component has a higher phase space density it is a potential source for the

enhanced plasma cloud . It is therefore suggestcd that. in these two exa~p1es

both the UFI’s and the enhanced trapped plasma clouds resulted from the

injection of UFI’s in the conjugate auroral ionosphere. The absence of

significant fluxes of 04’ ions in the DFI component may have resulted f rom

the initial composition of the source UFI and/or from velocity dispersion .

+Since upward streaming 0 ions have generally lower fluxes and longe r

bounce periods than the accompanying fl
4 

ions, their filling times become

considerably longer and transport processes correspondingly more effective .

Upward flowing ions are known to boa conunonly occurring phenomenon

in the high altitude auroral ionosphercs (Chielmetti et al. , 1978a). They

are generally highly anisotropic and involve peak fluxes that are up to one

order of magnitude higher than those of the DFI’s in the examples presented

~~~~~~~~~~
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(Shell ey et al., 1977; Mtzera and F4 nnel l, 1977; Chiclmetti ot al ., 1978a).

Bouncing clusters of ions inferred to be 0+ (tlcliwain, 1976) and field

aligned energetic ions have been observed at the geosynchronous orbit by

DeForest and Mcllwatn (1971), Mziuk and McIlwaln (1975), and more recently

by Geiss et al (1978), and Borg et al . (1978). These observations suggest

indeed that some UFI cross the equatorial plane prior to becoming isotropic

and may thus reach the conjugate high altitude ionosphere where they would

appear as DFI ’ s or enhanced plasma events , depend ing on the degree of p i t ch

angle scattering during transit.

A comparison between the frequency of occurrence of DFL and UFI events

indicates that the l a t t e r  occurred app rox ima te ly  lOx to lOOx more frequently

than the former during the same t ime period.  Only a f r a c t i o n  of t h i s  d i f f e r —

ence may be a t t r i b u t e d  to thc s.~inewhat lower sensitivity for detection of

DPI d i s t r i b u t i o n s .  Thus we conclude that pitch angle scattering is usually

e f fec t ive  w i t h i n  1/2 bounce period in i so t rop iz ing  the UFI distributicns ,

and further that the injection of energetic ions from the au ro ra l  UFI sour~ c

into the trapped population must be a common process.

The time required for a UFI source to fill a flux tube isotropicallv

to a specified flux level can be estimated by comparing the total particl e

contents of the flux tube to the upgoing flux. Assuming that the IfFI ’s are

completely isotropized within 1/2 bounce period and using typical values for

the flux (-1 x 1b8/cm2—sec—ster—kcV) at 1 keV and typ ical widths of the

angular distributions (10—20’ FWI*1) we calculate filling times of the order of 1

hour to reach the isotropic flux levels observed in the regions of enhanced

plasmas in the two examples discussed previously. However, considerably

shorter filling times (of the order of minutes) would result from the most

3 ) intense UFI events that have been observed . These estimates do not include
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the effects of losses from e.g. charge exchange and longitudi nal and ra— 
-

dial transport; however , these effe cts are not expected to be Importan t in

cases of rapid flux tube filling . Although the actual durations of UFI

events are not known , times of the order of 1 hour are not unreasonabl e con- - 

-

sidering the duration of other related phenomena such as auroral substorr-s .

Thus IWI fluxes are sufficien t to inject clouds of trapped ions on time scales

-~ and with densities comparable to the substorm associated equatorial plasma

clouds (DeForest and H c l l w u i n , 1971). The proposed In j e c t i o n  proce ss  cou ld

result in a cloud of ions of l a t i t u d i n a l l y l i m i t e d  e x t e n s i o n  w i t h  ene rg ies

corresponding to those of the UFI ’s ( t y p i ca l l y a few kcV ) . The process

would not d i r e c t l y  a f f e c t  an equa to r ia l  p o p u l a t i o n  such as the more e ner g e t i c

ring cu r ren t  component t ha t  was t r anspo r t ed  inward  f r o m  regions  deeper in

the plasma sheet and could thus resul t  in m u l t i p l e  component plasnas of

the type observed. Enhanced plasm a events  as descr ibed above are often

observed in the same genera l  reg ions as UFI even t s  in the dusk local t i~ e see—

tor, but peak at somewhat lower l a t it u d e s  as shown in rigure 9. The d i f f e r e n c e

in the latitudinal distrib utions of UFI and enhanced plasma events may result

from radial transport combined with the must longe r filling t imes at highe r

1.—values. The latitudinal location of the peak in the occurrence frequency

of enhanced plasma cvcr .ts is also seen to be in good agreement  with th~ qui et

t ime (Kp 2) substorm injection boundar y inferred by MclIw.iii ~ (1974) tot

the dusk region..

These facts strongly suggest that some of the enhanced plasma events

observed at low altitudes correspond to the substorm injected p lasma clouds

in the equatorial plane , and that they result at least in part from the in—

jection of upward flowing ions from the ionosphere . UFI events are known to

( ) occur in a latitudinally well defined zone with maximum probability of occur—

rence in the dusk hemisphere (Chielm etti CL al. , l978a). For a qua lita—
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distribution ofjJFI events into the equatorial plane using a simple dipole

-
. 

approximation . The substorm injection boundary from Hcllwain (1974) has

4 ,- been included for comparison . We note that in this projection the location

of the most frequently occurring UFI events generally corresponds to the re—

gion of the injection boundary , although the peak f requency of occurrence is

-1 
• 

at somewhat higher I.. values. Thus the auroral ionosphere may be a signifi-

cant contributor to the trapped ions that dominate the dynamics of the - 
-

equatorial  magnetosp here in the v i c i n i t y  ef the geostationary orbit. The

s ta t i s t i ca l  associat ion of DFI events w i t h  enhanced plasma events f u r t h e r

supports these suggestions.

¶ These results are in agreement w i t h  the conclusion s of Sharp et al.

(1976a , l976b) that  a local ionospheric injec t ion  process acts over wide

range of local tines and l a t i tudes  du r ing  geomagnet ic  storms . Near equa to r—

ial measurements by Frank (1970) , D.~Forest and ~tcLlwa in (1971) and Mcllwain

(1974) have indicated plasma injection events well inside of the geosta—

tionary orbi t  dur ing magnet ica l ly disturbed per iods .  The example of REV 1398

corresponds to such an inject ion at low L—values of -4 .  S t ruc tu red  in tCnse

fluxes of low energy ions have been previous ly ob served in the near equator-

ial region beyond L 8 (Frank, 1967) and at low a l t i tudes  ( [rank  and A ck er —

• son , 1972). These exhibi t  similar cha rac te r i s t i c s  to the enhanced plasma

regions and DFI events presented here and may be re la ted to them.  The

antisunward flowing ions observed in the magnetotall (Frank et. al., 1977;

Hardy et al., 1977) may result from UFI’s that were injected in the h igher

latitude regions.
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f,
SUItIA KY ANt i CONCLUS10~S

ti Enhanced clouds of ions with fluxes and energies similar to the

-
~~~ equatorial plasma clouds (DeFor est  and Hc I lw • i in ,  1971) are f r e q u e n t l y

observed at altitudes of ~1 RE in the auroral zones by the S3—3 sate—

ilite . In the dusk local time sectors these regions map e-quator iall y
• 

to the region of the substorm injection boundary. Downward fl~~~ing

field aligned ions have occas iona l ly  been d e te c t e d  in the a u r o r a l  zones.

They occurred preferentiall y within these enhanced pl a sma r e g i o n s .

Two examp les of downward flowing ion (DFI) and enhanced p lasma events

- : were described in detail. The correlations observed between the two pop—

ulations are suggestive of a common o r i g i n  for  both phenemena in the up-

ward f l owing  io n ( U F I )  even ts  o c c u r r i n g  In the c o n j u g at e  h em i sp he re.

DPI events  are a much less frequent phenomenon than  UFI Cv on t s , imp l y ing

that i n j e c t i o n  of upward f l o w i n g  ions in to  the trapped p o p u l a t i o n  is a

conunon and s i g n i f i c a n t  process.  The local time and l a t i t u de  d i s t r i b u t i e : ~s

of UFI and enhanced p lasm a  events  and the i r  s i m i la r  energies  f u r t h e r  su~ —

gest a relationship to the e q u a t o r i a l  plasma c louds .

The resul ts  descr ibed in th i s  paper are cons i s ten t  w i t h  the direct

injection of spatially locali~ cd clouds of hot ( 0 . 5 — 5  key) ionosp h e r i c

ions into the plasma sheet , from the aurora! zone upward flowing ion source .

• A significant fraction of the equatorial substorm injected plasma clouds may

thus result from this ionospheric source region. The more energetic ring

current component (~5 keV) may have originated in part from Injection of

UP! on higher latitude field lines and subsequent energi~ation by inward

transport.

. .
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: ‘)Flgure 1: Survey plot for the dusk section of REV 619 on September 24, 1976

showing ion and electron count rates as a function of universal time .

The count scales are logarithmic and each tic mark on the vertical

scales represents one decade. The various regions indicated in the

top margin are dci.cribed in th e text.

Figure 2: Electron and proton number density, energy density, average

energy and precipitated energy flux projected to the ionosphere are

given as a function of invariant latitude for REV 619. Values are

averaged over periods indicated by horizontal bars. Statistical

errors are indicated by vertical bars when larger than symbol size .

Figure 3: Differential energy distributions for trapped (circles) and for

precipitating (triangles) H~ ions averaged over regions I. II and

- Ill of REV 619. Background has been s u b t r a c t e d .

Figure 4: Pitch angle distributions for low , intermediate and high energy 11
+

ions in regions 1, 11 and 111 of REV 619. Number fluxes were inte-

grated over the energy ranges-indicated. The dashed lines correspond

to background levels. Q0 represents the downward direction .

Figure 5: Pitch angle distributions for low energy 11~ ions in region h a  and

II — h a  of REV 619. 00 represents the downward direction.

Figure 6: Differential energy dis tributions for trapped (circles) and precipi-

tating (triangles) H
+ 

ions in regions 1, II and III and -for-trapped

(i&~1id circles) 0
+ 

ions in region 1 of REV 1398. Background has

been subtracted.
4-
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Figure 7: Pitch angle distributions for low, intermediate and high energy

ions in regions I and 11 of REV 1398. Number fluxes were inte—

grated over the energy ranges indicated. The dashed lines correspond

to background levels. 1800 represents downward direction.

Figure 8: Examples of pitch angle distributions of low energy electron in

re gion II of REV 1398.

• Figure 9: Histogram distribution of the probability of observation of upward

flowing ion events and of enhanced plasma events in the altitude

range from 6000 — 8000 km , as a function of invariant latitude .

The UFI distribution was averaged over the 2 local t ime sectors

indicated.

Figure 10: Project ion into the equator ial  plane of the regions of h ig h prob—

ability of occurrence of UFI events using a simple dipole approx—

imation. The substorm injection boundaries inferred by Mchlwain ,

(1974) are indicated by the heavy l ines for Kp—2 and 5.
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