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Thermal and Hyper t hermal Electron Distributions in the
Midni ght Sector of the Winter Topside Ionosp here

1. INTRO DUCFION

The possibility of significant heating of the nighttime ionosphere by energet ic
photoelectrons that have escaped from the sunlit conjugate ionosphere was first
suggest ed by Hanson. 1 Seve ral theoretical models for the production and transport
of these electrons have been developed. Cicerone et al 2 and Swartz 3 have compared
the escape flu xes of photoelect rons predict ed by diff usion , ~ ~ two-stream6° ~ radi-
ative transfer , 8 and Monte Carlo 9’ 10 type models. Agreement, within a factor of

two , was found. Similar calculations were also performed by Mantas and Bowhill~~
using an exact solution to the Boltzmann equation. 12 A theoret ical analysis by
Lejuene and Wor mser 13 predicts that due to collisions within the protonosphere the
escaping photoelectron flux is reduced by a factor of two before reaching the con-
jugate ionosphere. Heating 14 and possible ionization ’5 effects of conjugate photo-
electrons (CPE ’ s) at altitudes <600 km in the conjugate ionosphere have also been
computed.

Measured fluxes of photoelectrons escaping from the sunlit ionosphere have
be en reported by a number of investigators. 16—22 The intensity of these fluxes is
significant ly reduced when they reach the conjugate ionosphere with the greatest
degradation in the low energy portion of the spectrum. 18, 20. 22

( Received for publication 28 November 1977)
(Because of the large number of references cited above , they will not be listed here.
See Reference Page 25 . for References I through 22. )
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The heating effects of CPE’ s in the darkened ionosphere were first observed
in the f o rm of enhanced predawn alrgiow. 23 Observa tions of CPE produced
radia tive emissions were reviewed by Carlson. 24 Incoherent backscatter tech-
niques have been used to detect significant ionospheric temperature increases over
Arecibo at the time of conjugate sunrise. 25 Although radar signals showed that
CP E’s were reaching to the ionosphere over M illstone Hill , 26 much smaller temp-
era ture increases were detected in the 375 ± 40 km altitude range. 27 The predaw n
temperature  differences were explained in terms of greater transmission losses
along the Millstone Hill—conj ugate point field line. Direct measurements of CPE
produced temperature increases at altitude > 2000 km at low latitudes (1. 2~ L ~2 . 5)

were reported by Rao and Maier. 18 The ionization produced by conjugate photo -

electrons has been found to be much less than was theoretically predic ted by
Shawhan et a115 and Na gy et aI. 28

In this report we present observations of longitudinal and latitudinal distrihu-
tion s of thermal and hyperthermal electrons in the late -evening sector of the winter .
topside ionosphere . Measureme nts were made by means of the spherical electro-
static analyzer (SEA) aboard the polar orbiting satellite Injun 5 near the tim es of the
196 8 and 1969 winter soistices. In Section 2 we first describe the SEA and its modes
of operation . For heuris tic purposes , we calculate the latitudes and long itudes at
which a satellite at an altitude of  2000 km in the midnig ht sector is expected to
encounter CPE fluxes. In Section 3 we present Injun 5 observations from the North
Am erican and Asian longitudinal sectors. Hyperthernial electrons , shown to be
CPE ’s are found at subauroral latitudes over North America but not over Asia.
Spectral characteristics of CPE’s are discussed briefl y. The heating effects of CPE
fluxes are studied by comparing electron temperature (T e

) between invariant lati-
tudes (A) 70’ and 40’ in the altitude (h) range 2500 to 850 km observed over North
Ame rica and Asia. In Section 4 we assum e that the ionospheric pr operties mea-
sur ed by Injun 5 are representative of the mid -latitude , winter , topside ionosphere.

23. Bar bier , D. (1959) Ftecherches sur Ia raie 6300 de Ia luminescence atmos-
pherique nocturne, An n. Geophs. 15:179-186.

24. Carlson, H. C. ( 1974) Survey of satellite and ground based measurements of
photoelectron excited emissions, Ann. Geophys. ,~~:59.

25. Carlson, H. C. (1966) Ionosphe ric heating by magn et ic conju gat e-point photo-
electrons, J. Geophy s. Res. ~~ :l95 .

26. Evans , J. V. • and Gastman , I. J. ( 1970) Detection of conjugate photoelectr ons
at Millston e Hill , J. Geophy s. Res. :807 .

27. Evans, J. V. ( 1968) Sunrise behavior of the F layer at midlatitudes, J. Geop hys.
Res. j ,~:3489.

28. Na gy, A. F ., Winningham . J. D., and Bank s. P. A . ( 1973 )  The effec t of con-
ju gate photoelectron impact ionization on the pre-dawn ionosp he r e. J. Atm.
Terr. Phys. ~~ :2289.
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This allows us to construct a statistical model and to examine  average thermal
gradien ts along magnetic field lines . Some transport  character is t ics  of the reg ion

are estimated.
Thermal gradien ts and CFE generated heat fluxes are found to be approxi-

mately a fac tor of three great er than  th ose calc u lated by Rao and Maier . 18

2. INSTRUMENT AND METHOD OF ANALYSIS

Injun 5 is a magnetical ly aligned polar orbiting satel l i te  with an inc l ina t ion  of

81’. an apogee of 2543 km and a perigee of 677 km.  The expe r im ent discussed

in this report is a spherical electrostatic analyzer mounted on a 5-ft  boom. The

ins t rument  design and the modes of data reduction are described by Burke et al . 29

Briefl y, the electron sensor consists of a solid tungsten collector of 0. 5-in,  radius

surrounded by two tungsten wire mesh grids of 1-in , and 1. 25-in , radii .  The grids

are e lect r ica l ly connected and are al ternately swept from -10 to +3 V (Mode 2) for

15.9 sec then rest at either 1. 6 or 6 . 2 V (Mode 1). The purpose of the grid bias

is to counteract expected negative satellite potentials . The potential  of the col-

lecting sphere is held at +100 V. From data obtained in the Mode 1 and 2 sequence

we generally are able to measure the electron density and temperature  as well  as

the vehicle potential wit h respect to the plasma. In processing the dat a we follow

procedures first  outlined by Mott-Smith and Langmuir .  30

During November/December 1968 and January  1970 , Injun 5 was in the late

evening-midnight sector . We can thus examine a large data segment over the

northern (winter)  ionosphere. Of particular interest are the thermal  and hyper-

thermal  electron fluxes observed between 70’ and 40° invariant latitude. Because

the satellite was near apogee during the 1968 period and between 1400 and 850 km

dur ing Janua ry 1970 we treat the data sets separately before comparing them . Also ,
to avoid confusing CPE and magnetic storm related heating effects , we have

eliminated all storm -time dat a from consideration . Inj un 5 storm -time observa-
t ions are described in a separate st udy. 31

The t erm “ conjuga te orbit ” is us eful for designating the satellite ’s t rajectory

mapped to an al t it ude of 300 km in the conjugat e io nosphere . This altitude was

chosen as the top of the production reg ion in the su nlit ionosp here . It is assumed

29. Burke , W. J. • Dona te lli , D. E . ,  and Sagalyn , R . C. (1978) Injun 5 observations
of low ene rgy plasma in the high latitude topside ionosp he re, (to be published
J. Geophys. Res . ) .

30. Mott-Sniith , H. M. ,  and Langmuir , I. (1926 ) The theory of collectors in gaseous
discha rges , Phys. Rev. ~~ :7 27 -763.

31 . Rao , L. V. D. . Burke , W. J . .  Kanal . M . ,  and Sagal yn . R. C. (1 978 ) Inj un 5 low
ene rgy plasma observations during a major magnetic storm , ( to be published
J. Geophys. Re s .) .
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that  any photoelectron reaching this  a l t i tude has a mean f ree  path much  longer than

the ionospheric scale height and can be considered as having  escaped. Aside f rom

losses due to collisions with magneto spher ic  par t ic les  these photoelectrons travel

freely along magnet ic  f ield lines to the opposite hemisphe re .  By c a l c u l a t i n g  the

solar zeni th  angle along the  conjugate orbit we can de te rmine  when  and where

Injun 5 can be expected to encounter  CPE’ s .
Near the  t ime  of the winter  solstice , the southern  hemisp here  of the  ionos-

phere is most exposed to solar radiation and ( ‘PE f luxes can be observed in the

night-s ide, nor the rn  ionosphere . The la t i tudes  at w h i c h  these CPE f luxes  are

observed depends on the longitude of observations . This is due to the  offset  be-

tween the geographic and geomagnetic poles . When the  -~~uth magnet ic  pole is near

local noo n , escaping photec!ec rons have access to the ni ght -s ide , nor thern  ionos-

phere . This is not t rue when the sout h pole is near  local midn i ght. This ef fec t  is

i l lus t ra ted  in Fi gure 1 where  we have plotted the contours of constant conjugate

solar zeni th  ang le for a g iven nor thern  magnet ic  la t i tude  as a funct ion of geographic

longitude at an alt i tude of 2000 km.  The calculat ions were made assuming that :
(1 )  the longitude in question was at local midnight  in the northern hemisp here ,

(2 )  the t ime of year was the winter solstice, and (3)  the south magnetic pole is at
75 ’S , 127 ° E. 32 The contours of Figure 1 indicate that the deepest low lat i tude
penetration of CPE fluxes occurs between 60° and 90° W longitude, that is , f rom
the middle of the Atlantic Ocean to central North America . Conversely. CPE
fluxes are excluded from the Asian sector (60°  to 120° E) at subauroral  lat i tudes.

900

80’ ~~~~~~~~~~~~~~~~~~~~ 

I

Iii
0

Figure 1. Contours of ConstantI-
Solar Zenith Ang les at 300 km

4 in the Conjugate Hemisphere
-J for Different Northern Hemis-

phere Magnetic Latitudes as a 
S

60° Function of GeographicI-

at the t ime of the winter solstice

w Longitude. Calculations werez made for the midni ght sector
50’

40’ I

80’E 90’E 0’ 90’W 80’W

GEOGRAPH IC LONG ITUDE

32. Gustafson, G. (1970 ) A revised corrected geomagnetic coordinate  system ,
Arkiv for Geofysik 5:595-617.
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3. OBSERVATIONS

3.1 Basic Data

To il lustrate quiet-t ime , winter  observations at subauroral  latitudes , in

Figure 2 we have p lotted the omnidirect ional  flux to the electron sensor during

Injun 5 orbits # 1331 and #1225 as functions of universal  t ime (UT ) and the M c l lw a i n

L parameters. Alternat ing high and low flux values result  from the sensor ’s

Mode 1 and Mode 2 electronic sequencing as identified at 0605 UT. The altitude ,

long itude and local t ime of the orbits given at L = 2 and 4 show that the satell ite

was nea.- apogee in the late evening sector over the nor thern  hemisphere . Orbit
#133 1 was over central Nort h America and #1325 over western Siberia. That mag-

netic conditions were quiet is evidenced by auroral electrojet indices (AE) of 35

and 52.
In the region 6. 5 ~ L ~ 3. 7 the Mode 2 sweeps of orbit # 133 1 are character ized

by two positive slopes. This indicates the presence of a hyper thermal  as well as

a thermal electron population . Similarities between these and the data of Maier

and Rao 17 suggests that CPE’ s constitut e the hyper thermal  population. For L < 3 . 6

the slope of the hyperthermal flux changes fr ~om positive to negativ e values. Cur-

rent vs applied voltage curves recorded during the four Mode 2 sweeps of orbit

#133 1 marked A , B , C , and D are given in Figure 3 . In all four cases the currents

remain at relatively low levels for V < -1 volt.  Fo r V > - l V the currents  r ise

steeply as thermal  electrons are allowed to reach the colle ctor.
The decreasing electron currents with increasing app lied grid voltages , foun d

in the extreme retarding portion of sweeps C and D, result from secondary elec-

trons produced by accelerated positive ions impacting the negatively biased grids .
This effect  has been described by Knudsen and Harris .  In the extreme re tard ing
portion of sweep A , the current increases with the increasing applied voltage . This
current  is due to CPE’ s. The secondary electron current  has become comparable

to that  of the CPE’ s in sweep B , then dominant in sweep C. The current in the
extreme retarding portion of sweep D is due to seconda ry electrons alone.

The dat a from orbit #1325 (Fi gure 2) were  taken twelve hours prior to those of

# 1331 at a t ime when the southern magnetic pole was near local midnight,  Currents
observed in the ext reme retarding portions of all Mode 2 sweeps are charac ter is t ic
of secondary electrons onl y. No CPE fluxes are in evidence. In fact the solar
zenith ang le along the  conjugate orbit (x e) was ~ 116° for all values of L ~ 5. 6

33. Knudsen , W.C.. and Harr is, K.K. (1973) Ion-impact-produced secondary
electron emission and its effect  on space instrumentation, J. Geophys. Hes.
78: 1145.
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ELECTRON SENSOR SWEEPS

B

_  -

C 
S~~~~~~~~~~~~~~~~~~~~~~ 5 S

O~~~~~~~~~~~~~~~~~~~~~~s 3 L O O 2~~~~~~~~~4
APPLI ED S W E E P  VOLTAGE

Figure 3. Mode 2 Sweep at Points Marked A , B ,
C. and D of Orbit #1331 in Figure 2

Spectral characteristics of the CPE’s can be approximated by an analysis of
the electron sensor sweeps. Two difficulties are encou ntered: (1 ) the Inj un 5 SEA
only covers the energy range 0 to 10 eV , and (2) as observed by Injun 5 the CPE’ s
have been degraded spectrally by collisions with magnetospheric and ionospheric
particles. Figure 3A shows that in the -10 ~ V ~ -2V range the log vs V charac-

teristic may be well approximated as a straight line from which an effectiv e temp-

erature may be calculated

13
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T b K ] - q / r d log l
CPE L 

~~2~~~~/ L d V

where q is the electron charge and k the Boltzrnann constant . By projecting the

CPE straight line to V = V , where V~ is the satellite potential wi th  respect to the

plasma, it is possible to calculate an effective CPE density

1(- V
NCPE (cm ”3] = _________

v R
G (3q c

where R = 3. 18 cm , f3 is the transmission coefficient  of the grids (0 . 546) and c
G r8k TCPE 1 1 /2

the mean thermal  velocity of the CPE’s I ~ m I . Althoug h the  photo-
L e J

electron spectra measured by Atmosp heric Exp lorer C and E show non-Maxwel-

h a n  structure for E > 10 eV and a strong low energy component , no significant

departures from a Maxwellian distribution in the 2 5 E S 10 eV range appear in

the Injun 5 observations. This result is in agreement with theoretical calculations

of Mantas and Bowhill
12 and the observations of Doering et al 34 who noted that

spectral fine structure for E -2 0  eV found at low altitudes in the sunlit hemisphere

was progressively smoothed for altitudes ~ 250 km .

Because the particle density is low along magnetic field lines intersecting the

trough, CPE energy degradation should be min ima l  at troug h latitudes. A M-Dde 2

current—voltage sweep, typical of troug h latitudes at h = 25 , 000 km from the quiet

t ime orbit #1378 (AE = 14) at A = 65.8’ is given in Figure 4 . The calculated CPE

effective density and temperature are 5. 3 cm ”'3 and 9 .8  eV. On this and all other

similar orbits the CPE current characteristic changed to lesser slopes with I

(-10 V) remaining almost constant at 9 X lO~~ A as the satellite moved equatorward

across the troug h. This current corresponds to an omnidirectional flux of CPE’s

with E )‘ 10 eV of — 3  x io8 cni~~
2 sec ” 1. A numerical integration of a recently

published spectrum (Figure 5 of Peterson et al) 22 assuming isotropy over the up and

down welling hemispheres gives an omnidirectional flux of CPE’ s with E ~ 10 eV of

1.4 x io8 cm ”2 sec ’* Given the different  altitudes of the observations, 2500 and

260 km . the agreement is remarkably good. This effect  is illustrated in Figure 5

where we hav e plotted the effective CPE density, temperature as well as I (-10 V)

as a function of invariant lati tude for orbit # 1380. These changes in effective CPE

temperature and density indicate that the low energy (E < 10 eV) CPE’s lose energy
more eff icient ly than those with higher energy as they move through the ambient
plasma along magnetic field lines. 

18, 20 , 22 The omnidirectional fluxes associated

with the CPE observations are between 5 / 108 and I , I X 10~ cm ”2 sec ’* The CPE

34 . Doerlng, J .P . , Peterson , W.K., Bostrom , C.O., and Potemra , T.A. (1976)
High resolution dayt ime photoelectron energy spectra from AE- 1’

L 

Geophys. Res. Lett. 3:129.
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heat f lux varied between 8.5 < l0~ and 1. 1 10 10 eV cm”2 sec ’1. The particle

fluxes are consistent with those reported by Heikkila , 
13 but a factor of three higher

- 17
than those reported by Majer and Rao.

INVARIANT LATITU DE • 65 8’
ALTITUDE 2533 km
LOCAL TIME 22:50
< A E >  4

• U I I

I N J U N 5 ORBiT #1378 T~ • 77 37 ’ p~
io—~ 

11—30-68 N~ l65 cm ”~
I_i 9.8 •v

I O S  - NcpE~ 5 .3cm ” 3
Id —2.2 VOLTS

p 0—i -

APPLIED SWEEP VOLTAGE [V O L T S ]
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3.2 Results Near 2500 km

Data were collected on 25 orbits while In jun  5 was in darkness at subaurora l

latitudes and at altitudes between 2200 and 2500 km during the November-December
1968 period. Twenty-two of these orbits were distributed between 60° W and 120’ W

longitude where the conjugate ionosphere was sunlit for part  of the orbit and the

remaining three orbits were between 70° E and 90° E longitude where the conjugate
ionosphere was totally in darkness. The heating effects of CPE’ s are illustrated

in Figure  6 where we have plotted the electron tempera ture  and densities observed

during orbits #1325 and #1331 as functions of invar iant  latitude (A) and the solar

zenith angle (X c
) along the conjugate orbit. Within the trough electron temperatures

are relatively high in both instances. Equatorward of the trough Te fell to 2300 ‘K

(X c > 118°) in the case of #1325 , whereas it remained between 4500 ‘K a.~J 4000 ‘K

to A = 51° (X c = 105°) during #1331. As Xc passed from 105° to 120’ on #1331 Te
decreased to a value comparable to that observed during #1325 at the same latitude.

All orbits between 2200 km and 2500 km exhibited high, sharply peaked electron

temperature distributions at trough latitudes with steep gradients at the equatorward

edge of the trough. In the three cases with shadowed conjugate orbits Te decreased

to 2300 ‘K at mid-latitudes. The cases with sunlit conjugate orbits had an electron

temperature plateauwith 3800 5 Te 
5 4500 ‘K which decreased to 2300 °Kas  the con-

jugate ionosphere passed into darkness. This indicates that near 2500 km the CPE’s

raised the ionospheric electron temperature between 1500 and 2200 ‘K at latitudes

between the equatorward edge of the troug h and conjugate sunset,

Although CPE’ s certainly contribute to the trough electrons ’ heat budget, it

appears that another source must also be invoked. The cases with a darkened con-

jugate ionosphere showed significant electron temperature enhancements in the

plasma trough . A likely candidate might appear to be heat transported from the

auroral  zone to the trough. However the highest electron temperatures were ob-

served during orbits # 1378 and #1380 when the auroral electrojet index was 14. As

expected, the position of the trough moved equatorward with increasing AE leading

to higher trough densities. It was found that the peak energy density in the trough

did correlate with AE

fl ekT e 1eV/cm ”3 ] = 73. 2 + 0. 62 AE

with a correlation coefficient of 0.70. We have not determined whether the heat

source lies in the quiet time ring current  or diffuse aurora electrons.
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Angle. The alt itude, longitude, and local time of the
satellite at A = 60° are given

3.3 Reeults From Below 1400 km

Data were taken on twenty-eight In jun 5 orbits between 9 and 25 January 1970
in the alt itude range 1400 2 h 2 850 km , at this time the satellite was descending
toward perigee near the equator. Seven of the orbits were from the 50° to 90° E
longitude sector, seventeen from the 60’ to 130° W longitude sector with the re-
mainder scattered between 20° E and 20° W. A high degree of variability appears

17
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in data from this period as illustrated in Figure 7 where we have plotted electron
densities and temperatures as functions of invariant latitude and conjugate solar
zenith angle for orbits #6330 . #6332 , and #6337 on the magnetically quiet day
11 Ja nuary. The altitude, longitude , and local time of the satellite at A = ~O’ are
given. Altitude differences between eastern and weste :n hemisphere orbits at
A = 60 ° are due to the offset of the geomagnetic poles.
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Figure 7. The Electron Densities and Temperatures Observed During Orbits
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Along orbit #6330 the electron temperature was nearly constant at -3200 ‘K
from the trough to A = 50° (X c 95 ’) where it decreased to —2800 ’ . This tempera-
ture maintained to A = 30° (data not shown ) where Te fu rther decreased to —2000 ‘K.
The electron temperature remained near this level until the satellite passed into
sunlight at 46 ’S , 48 ° W (A = 38°), and at an altitude of 780 km. The temperatures
observed during #633 2 remained near 3700 ‘K from the trough to Xc 95° where

Te decreased to 2 100 ‘K. The temperature distribution observed during #6337
r esembled that observed during #1325 (Figure 6) . A highly peaked temperature in
the trough decreased to values between 2000 ‘K to 2500 ‘K at mid-latitudes where

X c > 120° .
In many respects data from the three orbits given in Fig ure 7 are representa-

tive of the entire January 1970 data set . Except in four cases where relatively deep
troughs were found , i n western hemisphei’e orbits between 1200 and 850 km . no

pronou nced temperature maxima were observed in the trough. In six of the seven-
teen orbit s between 60’ W and 130° W the maximum electron temperatures were
found equatorward of the trough. At mid-latitudes, as in the case of #6330. all

orbi ts between 60’ W and 100° W maintained electron temperatures in excess of
2500 ‘K to A = 30 °, well equatorward of nominal conjugate sunset. This is an
unexplained feature of the observations. All orbits between 110’ W and 130° W,

were characterized by electron temperatures of “2l00 ‘1< for X c > 100’, as illus-

trated by #6332 (Figure 7) .
All of the orbits over the eastern hemisphere were characterized by maximum

temperatures at trough latitudes and electron temperatures between 2000 ‘K and
2500 ‘K equatorward of the trough. It was noted however , that as the satellite
descended to 1100 ± 50 km over the eastern hemisphere the maximum electron
temperature in the trough decreased to 3500 ‘K. This value is comparable to the
trough temperatures observed on orbits #6330 and #6332 at approximately the same
altitudes.

4. DISCUSSION

In the previous section we presented the longitudinal and latitudinal electron
temperature distributions observed in the nightside ionosphe re near the 1968 and

196 9 winter solstices. Here we assume that the measurements taken by means of
Injun 5 represent a random sampling of the typical, quiet-time, winter topside
ionosphere. This assumption allows us to consider ., in a stat istical sense, the
altitude dependence of the electron temperatures and to draw interference relating
to physical processes in the ionosphere. Effective spectral characteristics of
CPE’s are studied as functions of altitude at trough latitudes. Due to the obscuring
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effects of instrument generated secondary electrons this cannot be done equatorward
of the trough. On the basis of the results pr u surs t u l in thu last section the ub .serva-
tions are divided into those of the trough and those of the region equatorward of
the trough.

4.1 Trough Latitude

At trough latitudes , near satellit e apogee , t he elect ron t emperat ures were

highly peaked. The result is in substantial agreement with results from ISIS I at

3000 km. The electron temperature peak was not a consistent feature at al t i tudes

below 1200 km. The maximum electron temperatures and corresponding energy
density observed in the trough on 57 Injun 5 orbits are plotted as functions of alti-
tude in Figure 8. Data from seven orbits during December 1969 at altitudes be-
tween 1500 and 2200 km were included. Three orbits previously considered were
excluded here owing to data gaps in the trough. In cases of no clear maximum
temperature in the trough, the temperature at m i n i m u m  electron dens ity was chosen

to represent the orbit . These orbits have T < 3000 ‘K.max
A linear regression analysis performed on the electron temperatures  vs alti-

tude (Figure 8) gave

Te (‘K) = 2 . 03h + 1420 ( 1)
850 ~ h ~ 2500 km

A similar least squares analysis of the electron energy density da ta gave

= 10. 561 - 0. 00385h
cm (2 )

850 5 h ~ 1500 km

93 percent of the data points lie within a factor of two of this regression line. The
exceptional points were measured during times of substorm activity as evidenced
by AE indices of 338 and 204 . The data taken between 850 and 1500 km indicates a
situation analogous to diffusive equilibrium with a scale height of 260 km. Above
1500 km electron energy densities were between 50 and 200 cV / c m 3 and showed
no systematic variation with altitude.

35. Brace, L. H. • and Theis . R. F. ( 1974) The behavior of the plasmapause at
mid-latitudes: Isis 1 Langmuir probe measurements , J. Geophy s. Res.
Z2: 1871.
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The regression line on the lower plot was calculated forpoints below 1500 km. The
dashed lines are meant to show that 93 percent of these data lie within a factor of
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The results summarized in Figure 8 and Eqs. (1) and (2) cannot be interpreted
simply. For a fully ionized plasma the electron heat flux along the magnetic field
lines is

dTeQ~~ -K~~~---- .
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\V here Ke = 7~~7 - l0~ T C
5 1 2  (eV / c m -sec -de g )  is the electron thermal conductivity36

and ds is a length element along a magnetic field line. Between alti tudes of 2500

and 1000 km the length of the ~ = 63° field line is l620 km. Since (dT e /d5)
(d T /dh )  (dh/ ds )  = 1. 88 ‘K/km , the heat flux is 4. 91 ‘ 10 10 (eV / c m3-sec) at
2500 km and 1.02 - 10 10 ( e V / c m 2-sec) at 1000 km. The average heat input along
the field line

dQ Q(2500) - Q ( l 0 0 0 )

is —240 ( eV/ c m 3-sec). Since the energy input per cm 3 in 1 sec exceeds the elec-
tron energy density fo r altitudes greater than 1300 km (Figure 8), processes other
than simple electron-heat conduction must occur along trough connected field lines.

Energy can be removed from the ambient electrons either by: ( 1) heat exchange
with ambient ions , (2 ) cross-field line heat conduction , or (3) plasma flow along
magnetic field lines out of the ionosphere. With present instrumentation it is
not possible to assess the relative importance of the three electron heat-loss

mechanisms.

In Section 3 it was noted that high electron temperatures were observed in the

trough independent of whether the conjugate orbit was in sunlight or darkness.

From this observation it was inferred CPE’ s were not t he only heat source available
to the topside ionosphere at t ro ug h latitudes. Further confirmation of the con-
jec ture can be obtained by exa mining the CPE input in the North American long i-

tudinal sector. This is done by exa mining CPE spect ral charact eristics near

satellite apogee and at lower altitudes. In orbits near apogee (h = 2528 ± 16 km)

the effective CPE temperature and density were 10. 4 ± 2. 6 eV and 5. 2 ± 1. 9 cm ”3

respectively. The effective heat flux was 9.4 ± 1. 0 X l0~ eV/cm 2 
sec. At lower

altitudes (h = 1114 ± 120 km) the effective CPE temperature, density, and heat flux
were 13. 1 ± 3.8 eV, 3.6 ± 1.3 cm ’3 and 9 ,2  ± 1.5 X l0~ eV/cm

2sec. We also

calc ulated the CPE heat loss in the 1000 ~ h 5 2500 km altitude range using the

formula derived by Swartz et al. 
38 Ambient electron conditions were approximated

using data from Figure 8. The calculations show that CPE’s with E > 2 eV lose

less than 3 percent of their energy in this altitude range. From these and above
given calculations we conclude that at trough latitudes: ( 1) heat deposited by
conduction from above is much greater than the deposited locally by CPE’ s, and

(2 ) the bulk of the CPE heat loss occurs at altitudes less than 1000 km.
36. Sp itzer , L. (1967)  Physics of Fully Ionized Gases, Interscience , New Y o r k .
37. Banks . P. M . ,  and Doup nik , J. R. ( 1974) Ther mal proton flow in the plas ma-

sphere: the moring sector , Planet. Space Sci. ,~~:79.
38. Swartz , W. E. , Nisbet, J• S., and Green . W. E. S. ( 1971) Analyt ic expres sion

fo r t he ene rgy t ransfer rat e from photoelect rons to the r ma l electr ons,
J. Geophy s. Res. 3,~,:8421.
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4.2 K~uaIorw a~d of the Trough

Equator ward of the trough the electron t e m p e r a t u re  d ist r ibut i e r i s  observed over
the North Amer ican  and the Asian longitudinal  sectors were quite d i f ferent.  In the
Asian sector micllati tude electron tempera tures  were between 2000 ‘K and 2500 ‘K
over the 1200 5 h ~ 2500 km altitude range. That is , where  the conjugate ionos-
phere is in darkness the ionosphere is close to isothermal .  At longi tudes and
latitudes where the conjugate ionosphere was sunlit Te 4000 ‘K at 2500 km and
Te 3000 ‘K at 1000 km. The length of the A = 55° field line is 1650 km between
2500 and 1000 km altitude, Thus, the electron tempera ture  gradient  along this
magnetic field line is 0.61 ‘ K/ k m .  From Eq. (6) we calculate a heat flux of
4 . 7 2  X l0~ e V / c m 2-sec at 2500 km and 2 . 27 X I0 9 eV / c m 2-sec at 1000 km . th
average heat input along the field line is 15 e V / c m 3-sec.

CPE fluxes at sub-trough latitudes are partially obscured by ins t rumental
secondary electron fluxes at 2500 km and totally obscured at 1000 km. Thus it is
impossible to measure directl y the amount of thermal  energy deposited locall y h.
CPEI s using Injun 5 instrumentation.  The latitudinal dist r ibut ion of effect ive CPE

- - - . - 13densities and temperatures (Figure 5) and the calculations of LeJeune and l~ormser
indicate that a significant portion of the CPE energy loss occurs at alt i tudes > 2500 4
km in the protonosphere. The energy deposited at these high alt i tudes would be
conducted down magnetic field lines into the topside ionosphere. The higher energy
component of the CPE spectrum (> 10 eV) penetrates to the lower portion of the
F region 22 bef ore losing energy via ionization 15 and heating 14 processes.

5. SUMMAR Y AND CONCLUSIONS

In this report we have examined the thermal and hyper thermal  f luxes  of
electrons measured with a gridded, spher ical electrostatic anal yzeraboard lnjun 5.
The measurements were taken in the northern hemisphere near  the t imes of the
1968 and 1969 winter soistices. At these times the satellite was near  local mid-
night in the altitude range 850 5 h 5 2550 km. Electron temperatures  were  examined
as functions of latitude and longitude to determine the heating effects of conjugate
photoelectrons on the topside ionosphere. This was accomp lished by using the fact
that due to the offset between the geographic and geomagnetic poles the CPE’ s have
access to the Atlantic Ocean and North American but not to the Asian longitude
sector.

At trough latitudes the CPE ’ s had effective densities and temperatures  of
5 cm ’3 and — 9  eV. Equatorward of the t roug h the effective density decreased and

the effective temperature increased indicating that a significant fraction of the low
energy component of the CPE spectrum was lost while passing throug h the pro-
tonosphere.
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At al t i tudes near 2500 km ambient  e lec t ron  t empera tu re s  had m a x i m u m  v ;I1u( -s

in the region of the troug h. E q u a t o r w a r d  of the t roug h the electron t e n l p l r t i r e

was — 2 3 0 0  ‘K over the Atlant ic  Ocean-Nor th  Amer ican  long itude sector . Ove r the
Asian longitude sector, the electron t empera tu re  was — 2 3 0 0  ‘K for - u h - t r I u g h

latitudes. At altitudes near 1000 km th e electron temperature peak in the ~r~~~~h
was not a consistent fea ture  of the d a t a . Equatorward of t i n  t r ou gh  t i l l -  I I I  t I l l

t empera tures  were — 3 0 0 0  ‘K to the la t i tude  of conjugate  sunse t .  1 i i ~- t x - t a p I r t I e . -

drop .t conjugate sunset  over  t he  At l an t i c  O C I , O  and \ o r - t h  A m er i  i~. 1 s~~~. I t  a~
g r ea t  as it was over the eas tern  P a l - I f i c  Oce , In  or  the  \ s h I n l I b I ~~ i t H ,

On the basis of these h a m  it is ( - I l n u l  l i e . ]  t h a t :

(1) E l e va t e ] electron t e mp e rat ur - I - ~ ( )b s I - r ’.- I - 1  in t h . -  t r IIl~ ? t

between 1000 l U ]  2500 k r t i  l i e  L I I  i ep I - n  I I Ut  of

long itude :111 1 I r e  p roduce  I b~ SOU 1 ( 5 t h .  - I t i  ( 1 ’
( 2 )  E l ec t r o n  t em pe l- I t u  c. and I n e r p - . i , . t i ~~l t\  d i - .t i i bu t i on s

in the  t rough  Ir e  not consistent  wi th  a s i mp le e i , - - t r on
heat conduct ion model for I - n x - i - g v  t r .nspor -t .  [ic - t I  I I

energy loss mechanisms must  also be o p e r . It i v e  in t h e
1000 < h < 2500 km a lt i tude  range ,

(3)  ).lost of the energy deposited by CPE s in t h . -  t r o u g h
occurs at a l t i tudes  less than 1000 km .

(4)  E quatorward  of the troug h a sirr ~~~eant f ract ion of the
CPE energy is deposited at a l t i tudes > 2500 km. This

energy is then conducted down the  magnet ic  f ie ld  lines
into the topside ionosphere. The hig her energy
component of the (‘PE spectrum is lost at a l t i tudes much
lower than 1000 km.
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