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Introduction

The stud y of the coupling between the magnetosphere and the ionosphere remains

one of the m ost actively pursued subjects in space sciences. In the auroral regions,

electri c fields play a dominan t role in the description of the dynamics of charged particles

(Banks, 1975). One such result of the predicted parallel electric field.s are the inverted ‘V’

struc tur es widely discussed by Frank ( 1975), (Frank and Acker son 1971 , 1972), Gurnett

( 1972) and others (Reasoner and Chappell, 1973). Another signatur e of parallel electri c

fields that extend down to the ionosphere are ion beams accelerated to high altitudes

(Shelley et al. 1976). The S3—3 satellite has provided evidence of strong electri c fields

w hich are ascribed as electrostatic shocks by Mozer et al., (1976).

The data presented in this letter , taken by the S3-3 satellite on August 12, 1976 ,

provides convincing evidence of the acceleration of particles by electric fields parallel to

B above and below a satellite altitude of 7300 km. For this particul ar event , a total

potential difference of -
~ 3 kV is inferred , 2/3 of which is located below the satellite.

_
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Ins tru m entat ion

The data were obtained by two  cylindrical e lectrostat ic  analyzers (ESAs ) built by

The Aerospace Corporat ion and f low n on the polar orbit in g sate ll ite , S3-3. The nominal

orbital parameters  were: apogee of 8040 kin , perigee of 240 kin , inclination of 97.5 °.

The ESA ’s measured ions with energy to charge ratios in the range of 0.09 to 3.9 keV/q and

electrons with ener gies of 0.17 to 8.4 keV in eig ht logari thmic steps. A comp lete ion and

electron spectru m was taken every second and a comp lete angular distribution was

measured every 20 sec. The geometri c factors of 1.8 x 10~~ and 1.7 x 10’
~ cm 2-ster-

f or the ions and electrons r espect ive ly give the instrument high sensitivity with low

back ground signals. The angular fields of view were — 7
0 x 100 FWHM and

— 140 x 100 FWHM for the electron and ion ESA respectively. Channeltrons were used as

detectors w ith a post acceleration to 1.6 kV in the ion ESA. A companion instrument

provides measurements  of electrons and protons with  energies from 0.012 to 1.6 MeV and

0.080 to 1.5 MeV respectively.
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Pr~~~ nta t io n  of Data

A summary of the low energy electrons and ions at high altitude is shown in Fi gur e

1 for Augus t l~., 1976. The top panel in the E-t spectrogram shows electrons with

energ ies from — 0.17 to 33 keV along the vertical axis and universal t ime along the

horizontal axis. The intensity (gray scale) is the d i f f e r en t i a l  energy flux in units of

[keV ,’cm 2-ster-sec-keV]. The bottom panel of Fig. 1 is for ions wi th  E/q from — 0.09 to

3.9 keV. In addition to the low energy particles, the E-t diagra m shows an elect r on

differential channel at —~235 keV at the top and a proton integral  channel at — 80 keV

at the bottom. These latter two measurements are useful in estimating magnetospheric

boundaries as intensity modulated ban ds. Parameters of satellite ephemerides are shown

at the bottom and identify this data as a high altitude northern auroral pass near 1900

hour s MLT.

The satelli te completes a ful l angular revolution in approximately 20 seconds with

the closest approach of the inst ru m ent ’s view axis around 6 degrees to the magnetic field.

The electron ‘trapping boundary’, measured by 235 keV electons, is located near A~~69°.

However , low intensity 235 keV fluxes extend to much higher lati tudes (A � 7 5°). The

ring-current protons, identified by the 80 keV fluxes drop towards their threshold value

near A = 72 0
.

The data of primary interes t occurs between 12100 and 12200 seconds U.T. where a

series of intense narrow ion beams at pitch angles of 1800 are observed coming f rom lower

altitudes. These beams occur at invari ant latitudes between 72 .7 ° and 7 3 7 0

Simul t aneous with the ion beams, the electron energy fluxes at E — 1 keV show reduced

intensities for pitch angles near 00 ari d 1800. These features and others discussed below

are interpreted as follows: the reduced electron intensity is a result of a potential barrier

—9—
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Figure 1. The Energy-Time Spectrogra m for the North Aurora l Data on Aug. 12 ,

1976. The low energy electrons are in the top half with energies from
0.17 to 33 keV increasing upward and the low energy protons (ions)
range from 0.09 to 3.9 keV in the bottom half wi th  energies increasing
downward. There are two energetic differential  energy channels
shown; 235 keV electrons at the top, 80 keV protons4i t the ?ottom.5 The
gray ~cale for t~e auroral particles ranges from — 10 to 10 and 10
to 10 [key/cm -ster-sec-keVJ for ions and electrons, respectively .
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~b O V e  the satell i te while  the ion beams are produce d by an acceler at ing pot en tia l below.

The result of such p otent ia ls  would be manifested in an inverted ‘V ’ struct u re ~t low

tl titU(leS.

\ de ta i led look at the second ion bea m dis t r ibu t ion  encountere d is shown in Figur e

2. The dist r ibu ti on fu nct ion in veloc ity space is plot ted for the ti me i nterval  from 1 2 111

to 12129 and shows the ion contours peaking at -v 600 km/sec (i.e., E 1.9 keV).

The term ion and proton can be interchangeable in our presentat ion because the ions are

predominant l y protons. This de te rmina t ion  was made by the energetic ion mass

cpeetro meter  f lown on S3-3 (R. G. Johnson , pr ivate  communicat ion ) .  These data

correspond to one ful l  satellite ro ta t i on  or ~~2O seconds. The un i t s  of the velocity are in

k in  see and of the dis t r ibut ion funct ion are in sec3km 6 . The angular half width  of the ion

beam centered at a pitch angle of 1800 is approximatel y  10-12 ° wide at the 10% m a x i m u m

intensi ty .  The predicted nadir loss cone for the 100 km alt i tude is approximately 18.5 °, so

the ion beams are located well inside the normal atmospheric loss cone. S

The electron phase space densities are shown in the bottom of Figure 2 for the

same t ime  interval .  At low electron velocities , perpendicular to B, the dis tr ibut ion func-

tion shows a peak near 1.4 x ~~~ km/ sec (E —0.6 keV) with an intensity near 26 sec 3/km 6

(bounded by contour ( ) .  In Fig. 2 the phase space density is broad along the v 1 axis but

narrows and goes to higher velocities along the + vH axis. The dashed ellipse indicates the

boundary between accelerated magnetospheric electrons and ionospheric electrons. The

corresponding energy flux changes by over two orders of magni tude from the peak value at

E~~l kcV (v 11 1.8 x IO ~ km/ see) down to E~~O. 17 keV (v 11 0.8 x IO ~ km/ see) across

this calculated boundary . This signature is strongly indicative of a parallel electric field

acting to acceterate electrons down toward the earth. The d i s t r ibut ion  f unct ion  for

velocities less th an  1.8 x ~~~ km/see display the type of profiles one obtains by calculating

— I l —
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Figure 2. E ) is t r ih u t ion  Fun ct ion Contours of Protons and Electrons for
Ui ’ = 12 1 11  to 12129  Seconds ~n Aug. 12 . 1~~76. 3Thc~~roton
in tens i t y  ranges fro m I x 10 

~
p 4.6 \ t O  see /km for

velocities from ( 1.3 to 8.6) X ~~~ kgi see. The electron in tens i ty
ranges f 5om — 0.046 to 22 see /km for velocities from (7.7 to
54) x lO km/see. The dashed curves are populat ion boundari es
derived from the formal ism of ( ‘hiu and ~~hulz  (1 9 77 )  and f i t s
to the data.
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t~~ ’ h~ unJ~ine s in p~~a~~ space th at  de l inea te  d i f f e r ~ n t  p a r t i c l e  d ist r  ~~~ in t~~’

p r e s e n c e  of an electri c f ie ld  para llel to B (Ch iu arid Schul z, Fig. 1, 1977; ~~~~~~~ Fi g. ~,

1977) . For examp le , electrons wi th in  the a tmosp heric loss cone are bounded by the  dashed

hyperbola (Fi g. w h i c h  has v i n t e r c e p t s  of:

(2 /rn ) e 
~~~~~~~~~~

The dash ~~d elli pse which has v in tercepts  of :

± [(2/ rn~ e V ~~ (~
)

~~T 
is the to ta l  pot .~n t i a l  drop down to the atmosp here , V is th e  po ten t ia l  at the sa te l l i t e

ar’d B a/B is the ra t io  of the magnet ic  f ie ld  s t rengths  whicl  def ines  the loss cone pi tch

a~~ ie at the sa te l l i t e .  (Chiu and Schulz,  l Q77 ~. From the f ( v ’ contour s in the — v

quadrants  in r e l a t ion  to the dashed curves in Fi g. 2 , one can see the nadir loss cones

widen at the  lowest  veloci t ies .  For examp le , the local a tmosp heric loss cone at a sate l l i te

a l t i t u d e  of 7 300 km is ~~18.5 °. A par t ic le  w i t h  a pi t ch  angle grea ter  than  16~~° will mir ror

below 100 km in a l t i t u d e .  The measured loss cones for  the electrons at this t ime vary

0 1 0 . 4
f rom 150 to l~.0 as the velocity decreases f rom 30 down to — 0.8 x 10 km/sec.

These enhanced loss cones are consistent wi th  a parallel electr ic f ie ld  below the satel l i te

that  accelerat es the posit ive ions to approximately 2 keV.

The combina t ion  of the electron ari d the ion d is t r ibu t ion  func t ions  clearly shows the

existence of a strong potent ia l  drop along B above and below 7300 km. To obtain an

es t ima te  of this potential  d i f fe rence  between :he cold ionospheric ions below and t h e

magn etosp heri c electrons above , d i f f e r e n t i a l  energy spectra at 00, 90 0 and 1800 pi t ch

_ _ _ _ _ _ _  -~~ S~~~~~~~~ _ _ _ _ _  ---- --
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I

angle are presented. Figur e 3 shows the d i f ferent ia l  energy flux spectra for these ions

and electrons at hi gh altitude. The top spectrum is for ions coming up from the earth at

• • 2 -l
= l _ I Z O  sec. The peak intens 1ty of — 6  x 10 Lkev/cm —ster-sec-kevj occurs at an

energy near 2 keV. The spectru m changes by over three orders of magnitude from — 0 . 1  to

2 key . The second set of spectra, shown in Fig. 3 at high alt i tude, are for electrons;

down ga ing,  upcoming and mirroring. The downgoing electrons have a peak flux of 7 x 10

[keV/c r~
2 — st er— sec -keV ] near 1 keV.

The upcoming and dowagoing electron fluxes are the same (within statistical errors)

for  ener gi es below — 1 key . This featur e of equal intensities for fluxes at 00 and 1800 is

characteristic of secondary or backscattered electrons in the presence of an inverted ‘V’

s tructure.  It was pointed out by Evans ( 1974) and Whi pple ( 1977) and shown experi-

mentally by Mizera et al. ( 1976) that these types of distributions would occur if a parallel

electric f ie ld above the observer were  of suff icien t st r ength to turn the backseat tered

electrons around. Therefore the interpretation of the downgoing and upcoming high

alt i tude electron spectra in Fig. 3 is that a parallel electric field above 7300 km is an

e f fec t ive barrier that reflects upcoming electrons with energies less than I keV and

results in the same intensity for the upcoming and downgoing fl uxes at t he satell ite

altitude.

The spectrum for the mirroring electrons at high altitude shows a low energy

component that is not present in the downgoing electrons whereas the high energy

com ponent  is v i r tual l y the same. The low energy electrons, with pitc h angels near 90 0
,

are also confined below the inferred potenti al barrier above the satellite. The mirroring

spectrum in Fi g. 3 indicates the existence of a sign if icant  trapped electron population at

low energ ies between the top of the potential barrier and the atmosphere. In Fig. 2 , this

—14-

S S S~~~-~~~~~- -S .~ 5 5~~~~ -~~~~~~~~~~~



~~~~~~~~~~~~~~~ S~~~~~~~~~~~~~~~~~
S
~~~~

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

p 0. 1 1~0
1D~~~~~~~~~

PROTONS 1
— 10 9

~

HIGH ALTITUDE LOW ALTITUDE

6 
Q 3 1~~~ I 021 7 2 0

/ _
~: I 1

1u6L. ELECTRONS J

ELECTR ONS d / \ ~i0 6 - /4. -~ io~- -
~

~ I • OOWN GOING
~ 

1- 
~ UPCOMING

10 - 
~~ 10~~ A MIRRORING ~

- 
AUG 12, 197 6

io 4 
~~~~

. .  S ~~~~ . S

0. 1 1.0 10 1.0 10
ELECTRON AND ION ENERGY IkeVI ELECTRON ENERGY

Figure 3. Different ia l  Energy Flux Spectra for Protons and Electrons at 7300 km over the
Northern Auroral Region and Electrons at 275 km over the Southern Auror al
Region. These data were taken approximately one hour apart on Aug. 12. 1976
in the dusk to midnight local t ime sector. The background level is one count
threshold.
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trapped electron population is bounded by the da.shed ellipse which has intercepts given by:

± { [(Z/m ) J e  Vj / E 1~ (B 0/ B )j } ”
~ (3)

B / B  is the ratio of magnetic field strengths at the equator and the satellite (Chiu and

Schul z, 1977).

Approximatel y one hour prior to the high alt i tude northern polar acquisition , data

were also taken near perigee in the southern auroral region. An inverted ‘V’ structure was

observed between 8220-8260 sec tJ.T. when the satellite crossed the evening auroral zone

near 275 km. The magnetic field coordinates were A = 7 0.6°; MLT = 23.2 his. From the

characteristics of the ion and electron measurements at hi gh altitude , we inferred that an

inv~ rted ‘V’ structure woul d locate at the foot of the northern field line at A =  72.9 0 and

MLT 18.6 his. This comparison of high and low altitude data is not to suggest that the

same structur e was observed one hour apart and in opposite hemispheres , but only to

exhibit the charged particle morphology under the limitations of a single satellite’s

measurements. Additional evidence was gathered from the DMSP auroral pho tographs

taken over the southern auroral zones around this time. They indicate a narrow arc

structure extending from local midnight to dusk at the t ime of the S3-3 southern perigee

data. On the next DMSP acquisition , some 100 minutes later , a narrow arc structure near

dusk was also present. These measurements tend to corroborate the description of narrow

inverted ‘V’ structures during the time of the S3-3 measurements at both apogee and

perigee.

The low altitude inverted ‘V’ structur e is characterized by the spectra shown in

Figur e 3. These electron data were taken near the peak of the inverted ‘V’ structure. The

comparison of the upcoming with the downgoing fluxes in the loss cone is one of our

- 16—
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methods of iden t i fy ing  parallel electri c field acceleration above the satel l i te  ( M iz ’~r~i et

al. 1976). Within experimental uncertainties, we would esti mate  the magni tude of the

total potential drop over the southern auroral zone to lie between 2 and 3 kV. Our

estimate of the total potenti al measured at high alt i tudes above the northern aurorai

region is obtained by summing the peak value of the ion beam spectrum ( — 2  keV) with  the

value obtained from the upcoming and downgoing electron spectra ( — 1  keV ) or a total

potenti al drop of ~ 3 kV. It is perhaps a fortuitious circumstance that the pote..itiai

difference along ~ inferred from the hi gh and low altitude data agrees so well with each

other. Nevertheless this may indicate a rather reproducible feature in the aurorai

morphology for the dusk to midni ght local time sector.

—17—
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Summary and Speculations

The data presented here represent one more piece of information added to the diversity of

auroral measurements. It provides convincing evidence that substantial electric fields ,

parallel to B, are operating over both hemispheres at relatively low altitudes ( < 2  R E
) .

This example is jus t one of many similar observations made by the S3-3 satellite at

altitudes between 6000 - 8000 km. We hesitate to use the word “ typical” to describe this

even t , but the occurrence of upward streaming ions from the earth’s dusk to m idnig ht

local time sector , in the few keV energy range, are common observations.

Spectra of accelerated ions parallel to B taken at altitudes above 6000 km have

been observed at invariant latitudes as high as 870. Our preliminary examination of these

high lati tude data during times of quiescent magnetic activity ( K �  2+ , A �  12), shows

that the ions coming from the earth are observed over a range of local times. The very

high latitude ion beams are generally associated with intense , soft electron precipitating

fluxes. (The energy of these accelerated fluxes range up to ~ 2 keV for electrons and

S ~ 4 keV for ions.) The latitude extent of the individual accelerated fluxes vary from a few

tenths of a degree to greater than five degrees.

Just as the ions provide an estimate of the potential drop below the satellite , the

electrons can provide the magnitude of the potential drop above the satellite. From

Figures 2 and 3, we can infer a 2 kV potential below 7300 km and 1 kV potential above.

Therefore 2/3 of the parallel electric field resides below 7300 km. The total potential

dr op of ~ 3 kV agrees well with that inferred from the low altitude electron data taken at

the opposite hemisphere one hour earlier. Additional evidence of parallel electric f ields is

provided by the reduced intensity of the backscattered electrons in Figure 3 at high

-1 9—
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altitude. This reduction would occur if the low a l t i tude  backscatter spectrum is shifted in

energy by an amoun t equal to the potenti al drop below the satellite. The observation of

the enhanced loss cones in the elect ron pitch angle distributions and the velocity space

contours in Figur e i are also consistent with a total potential difference of approx imately

3 kV .

In princi ple , esti mates of the location in al t i tude can be inferred from a careful

examinat ion  of the auroral pitch angle distributions (Kaufmann et al., 1976). A

preliminary examination of the electron pitch angle distr ibu tions showed that the loss

cones of the lowest energy electrons (~~0.2 keV) were enhanced by approximately 400

from the value near 1620 that is expected in the absence of an electric field acceleration.

As the energy of the observed electron distributions increased up to .— 2 keV , the

atmospheri c loss cone approached 1600 as predicted by the first adiabatic invariant

relationship in the presence of a potenti al difference along B. In order to estimate the

location of the electric field , a detailed model of the ionospheric and atmospheric

processes including the source region of the ions must be invoked. This procedure is

beyond the scope of this analysis at this time.

However from the data analyzed and presented here, we can for the first time put

S l imits on the parallel electric field associated with inverted ‘V’ structures. Since the total

poten tial drop below 7300 km is approximately 2 kV and the distance between the

ionospheric source and the satellite is approximately 6000 km , a lower limit of

~~O.3 mV/meter would be predicted for a uniform electric field. If we extend this value

above the satellite to account for the 1 kV potential inferred from the high altitude

electrons, then the electric field woul d terminate beyond ~ 10 ,000 km. This estimate

assumes that the potential drop above and below the satellite constitutes a single

extensive structure. Using this assumption, a self-consistent solution for the electric

field , in agreement with the particle data at both hi gh and low altitudes , can be obtained

in the model of Chiu and Schulz ( 1977).
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T H E  I V A N  A . GETTING I~~~B O R A T O R I E S

The ,it’~ S r a t , r %  Opera t i ons  ut Uhe A e r o s p a c e  C~ir p o r a t t i i n  is conduct i ng

c x , r i , e , , t a l  and t h ,’ ,, re t i ra l  i nv . ’ S t i g a t i on s  n e c e s s a r y  or the ,~~ a lu at ion and

app l ica t  i,,, ,,l s c i e n t i t , ,  ad v anc es  t o  new t ,, h t a r ~ conce pts  and s y s t e m s .

s a t , l i t v  and f l e x i b i l i t y  b as e  been deve l o ped t i  a h igh degree iv the l abo ra to ry

personne l  in dealing ~i,th t he many pr o blems encount e red in t he nat ion ’ s ra pidl ~
developing s p i c e  and mis S i 1 ,  Sy s t e m s  Ex per t i se  in the la tes t  s c i e n t i f i c  dev el-

,il’~
i e i t s is v i t a l  to  the ..i~conipIisltnient of t a s k s  re la ted  t i  t hese  problems . The

l i i , rat , ,r ies t hat out ri lut i’  to this r e s e a r c h  ire :

Aerop h ys i c  s La borator y : Launch and reent ry  aerodyna m ics , heat t ran s - S

f er . reent ry phs-s i i s , c hemical k i r i , t : :  s . st r uc tu ra l me, ban,, s , f light dynam ics ,

atn ios phe n c  pollut ion , and high- 1,ow , gas l ase rs .

C h i’ t i s i s t ry  and Ph y s i c s  Lab~i ra tu r y: At m o s p her ic  reac t i ons  and atm os -
ph,’ r : i . p  t i c s . ,hemi,a l  r eac t i ons  in polluted atn iosph e ri’ s . c hem ical reac t ions  S

o: .’si ,t i i i  , p C, : ,’s: in r ocke t  plumes . i hemical thermod y nami c s , plasm a and S

l ase r  - induced reac t ions . lasr r  ,- h e t t , i s t  r v , propuls ion ihem, s t r y .  s pace vacuum
an d radiat ion e f f e c t s  on ma te r i a l s , lubr icat ion and su r face  phenomena , photo- S

s e n s i t i v e  mater ia ls and s e n s o r s , high p r e c i s i on  laser  ranging,  and the app l i -
ca t i on  of phy s i c s  and chemistry to  probl ems of law en (or cem en t and hir,medicine .

E lectr , i , i i ,  s l i , ’ sea rc h l .aborato ~ y: Elec tro ni ag n , ’ t i  t h e o r y ,  dev i ces , and
pr o p ag a t io n  ph .-noi i , ena . iiii- l i iding p lasm a e l e c t r o i n a g n et i c  s ; quantum e lec t  ri inii s ,
l a s ,  rs , an d e l , ,  t r o S  o p t i cs ;  comn ,i,nicat iu n s c i e n c e s , app l i ed e lec t ron i cs . sem i—
,,i,id,,, t i  ng, superconducting, an d c r y s t a l  ,l, s i c e  phy s i c s , o pt ica l  and a c o u s t i c a l
imaging; at mosp her ic pollut ion; mill imeter wave and f a r - i n f r a r e d  techno logy .

M a t e r i a l s  Sc ience s  Labo rat o ry :  Dev el i ip ment if new mater ia l s  meta l 
S

matr ix compos i tes  and new lo rn is of car bon;  tes t  and eva luat ion of grap hite
and ce ram ics  in reen t r y  s p a c e c r a f t  mat ,’ ni als and e l e c t r o n i c  co rnpi .nent s in
nuc lear sn eap o ns ~~~~~~ ri,nm efl t  app l ic at i o n  of t r a c t u r e  mecha nic s  tin s t r e s s  c
r , is , o n  an d fa t i gue—induced  f r a c t u r e s  in s t ruc tu ra l  meta ls .

Spac e Sciences Labp to~~~: At mos p heric and iono s ph er ic phys i c s , ra dia-
t ion f ro n ,  t he atmos p here , density .ind compos it ion of the atmosp here , aurora,’
and ,,, rg low; magnn’tos phcro phys i cs , cosmic rays , genera t i o n  and pT n pag at ion
of p lasma w a v e s  in the mag net ins p he re;  sii lar phvs ii ii , stu dies u t  s o la r  niagneti
f i elils ; space .,st ro nom y . a - r ay  as t  ro noni y: t he .- l I i  I ,i oi nuclear explo s ions ,
magne t ic s t , r , i,s . an d so lar a c t i v i t y  on the ea r th ’ s at , in i i s p lie re , ion os pher~~. and
magnetos p here ;  the e f f e c t s  of op t i c a l . e l ec t romagne t i c , and part icu late rad ia-
t i , .ns i n space on space systems .
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