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PREFACE

The 1on mass spectrometer (IMS) on the ISIS-II satellite measures the
composition and distribution of positive ions in Earth's ionosphere in .
the mass range of 1 to 64 atomic mass units. Launched on 1 April 1971
the satellite is in a near circular orbit of 1358 km perigee, 1428 km
apogee and 88.1o inclinztion. Successful opgration of the ion mass spec-
trometer has continued from tgrn;oﬁ,ta date, a period éf nearly four years.
Significant data have been received which show a wide variatibn in ion
cqmposition at night near the equator and in.the daytime poleward of the
plasmapause. These data have enabled further study of the polar wind which
was verified by a similar instrument on the Explorer 31 satellite. -Add-
itionally, the ekperiment‘produced timely data during the August, 1972 magnetic
storm to show the development of a unique iohosphere sbove the plasmépause
during the period of the storm. |

This final repart documents the scientific objectives and results of
the expariment; the technical description of the instrument and presents a
bibliography with sample papefs attached and a summary of recommendations

" . for further study.
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1.0 SCIENTIFIC OBJECTIVES

1.1  GENERAL.

Tﬁis experiment dailed the Ion Mass Spectrometer (IMS) was
. designed fo study the positive ion composition of the Earth's ionosphere
through measuring the concentrations of each ionm spécies with a small
magnetic mass spectrométer operating in two mass ranges: 1 —-8 and 8 - 64
atomic mass units (amu). The instrumént was carried on boa;d‘the ISIS—II
spacecraft. It has mapped the distribution of each positive ion constituent
in the ionosphere at a nearly constant altitude of 1400 km for almost foﬁr
years, since the ISIS-TI satellite launch on April 1, 1971.

Magnetic deflection mass spectrometers have been used since 1964
to study the composition of the ionosphere.fromKrockets and satellites,
Such instruments have been successfuliy flown on a number of high altitude
rockets and two satellites, Explorer 21 and Exploref 51, 5esides ISIS—II.
The experiment covered by this report enabled a continﬁation of Exploréf
31 ionospheric studies extended to the period of time near the soiaf-maximum.
While the Explorer 31 instrﬁment covered the range of 1 - 20 amu, the
1SIS-IT instrument had an extended mass range to 64 amu.

Tﬁe data are frequently plotted as a function of dip latitude
as shown in Figure 1, Other éphemeris data and time are shown at the bottom
of the plot. This is an example of a da&time {late afternoon) ioncsphere
showing both winter in the southern hemisphere and summer in the north at
the essentially constant satellite altitude of 1400 km, The cﬁnstancy.of
the ISIS-II orbit is a great .advantage in presenting such data because
iatitudinal and lo;al time variations can bé studied without the usual
cpmplicafions introdﬁced by simultaneous altitude cﬁanges. In this case,

the satellite is in sunlight, but at ~45° dip latitude the satellite
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Figure 1 .
Pole-to-pole plot of ion daytime concentrations. Northern summer is to the left; southern winter to the -

right, Local time is 1713 to 1810. Satellite altitude is essentlally constant at 1400 km, At about.
-45° latitude the solar zenith angle exceeds 90°, but the orbit altitude is still sunlit.



crosses the terminator passing into a region where a part of the jono-
sphere below the spacecraft is in darkness. 0+ is the dominant species

in the summer day above +20° dip latitude, and its concentration remains
very flat ali the way to the pole showing no evidence of a high latitude
trough, The H+, while dominant at the equator; decreases gradually until
45°N where a steep negative gradient, indicative of the plasmapause, is
observed. It then remﬁins fairly‘flat out to the pole at a level a factor
of 30 to.AO below the 0+. H$+ tends to follow H+ at about 1 order of
magnitude lower, showing the plasmaﬁause gradient and equatorial bulge.
The behavior of 0+ and He+ in the equatorial to midlatitude region is long-
itude dependent, as is discussed by Breig and Hoffman (1975)., In Figure
'1, the abseﬁce of an equatorial trough is typical of the +90o longitude
case discussed in the reference, '

In the southerp hemisphere, H+ is the dominant ;on from the
equatorial maximum to -40° where 0+ eghibits a small eqhancement c;ntere&
about ~42°, He' tends to follow H until —300, where its rate of decrease
is less, resulting in He+ becoming therdomiﬂant ion species between ~50°
and -580, albeit, at a conceﬁtration of less than 300 cm-3. (The Re'
region‘is not always present.,) The sharp trough at -50% in all ien species

is coincident with an upward flow of ut of 2 km secfl {polar windj although

s ' + . ‘
the flux at this point is very low due to the low H concentration. Farther

poleward, Of again becomes the dominant species.
The details of the winter polar regicn are shown in Figure 2,
The left hand side of the plot is an extension of Figure 1 showing the 0+
‘ o . + + . o
peak at -42°, the region of He dominance and the O peak at -66 . This
peak is a consequence of the polar wind which establishes a parallel

electric field along open magnetic field lines that incréases the scale

height of the ionosphere. The light ions have been largely depleted by

3
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 Polar region of winter ionosphere‘at 1400 km. To the left is daytime
an exteision of Figure 4 (0400 LT); to the right nighttime (0400 LT),
Large O peak at -62° (night) identifies region of polar wind activity.



tﬁe flow leaving 0+ as the dominant species, The winter polar cap fegion
is generally characterized by a very low ionie cdncentfation as it is in
darkness and no source of lonization is present there. Towards the night
side, the pattern is essentially repeated except that the 0+ concentration
becomes very low toward midlatitude due to the lower nighttime ion tem-
perature.

Figure 3, a nighttime (0500) pole-to-pole pass a few days earlier
than Figures 1 and 2, shows ﬁ+ to be the dominant constituent between +

45°

. A steep gradient in H+, indicative of the plasmapause, occurs at +
500, followed by a trough with 0+ dominance poleward, fairly flat in the
summer, but with considerable structure in the winter (Figure 2), These

‘are again the regions of polar wind flow. H+ concentrations are down by

& factor of 100 above the plasmapauses. He' exhibits a marked dip at the

equator, with midlatitude peaks just equatorward of the plasmapause and a
very steeﬁ grgdient at the plasmapause, Farther peleward, the concentration
is less than 10 ions cm-3. However, the He' behévior is quite longitﬁde
dependent (Breig and Hoffman, 1975) witﬁ the equatorial dip especialiy
pronounced near Oo, the longitude 6flthe data in Figure 3, O+ appearé to
be anti-éorrelatéd with He+ af the equator énd midlatifudes, énd exhibits
a steep positive gradient at the light‘ion plasmapause before becoming
the dominant species toward the poles. The polaf cavity which exists in
‘the winter, appears to be filled with principally 0+ ioné is summer.

Téylor {(1972) and Chaﬁdra (1974) have shown datf from O0GO's 4
and 6 ion mass spectrometers which confirm-the He' and oF nighttime dis-
tributions shown here. Chandra relates the behavior of these distributioms
to the geomagnetic aﬁomaly, the electrodynamic 1ifting of ionization in” |
the equatorial region and its subsequent diffusion élong the fieid lines,

As the spacecraft cuts across field lines, the observed ion concentration

distribution reflects the vertical profile of each constituent at the equator.

4
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Nighttime pole-to-pole plot of ion composition at 1400 km and 0500 LT.
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O++ generally follows 0+ at a concentration level iOO to 200
'times lower in summer daytime, but approaches the d+ value in the winter
trough. 1In the nighttime midlatitudé regions whefe.0+ris less than 10-
iomns cmfa, 0++ lies within a factor of 3 of 0+,'35pecia11y in the summer.,

At higher latitudes where 0" becomes dominant,:the nighttime ratio returns
to the order of 100.

N+ ions seem to tréck d+ rather consistently at roughly one order
of magnitude lower concentration except at mid;to low latitude ﬁaytiﬁe
(Figure 1) where the 0+/N+ ratio is more like 20, and at night (Figure 3),.
where, on each side of the equatorial 0+ maximum, the ratio is as low as 3.
However, at these exceptional times, the N+ concentration is of the order of
‘5 ions cmf3 making the uncertainty in the measurements greater, but still
probably less than 507,

- 1.2 POtAR WIND

In addition to providing data on the composition of the ionosphere
the mass spectrometer data were used to definarthe existence of a flow of
1ighf ions with respect to heavy ions and thus to determine the ﬁeanﬂvelocity
of the light-ions. Observations were made of the flow velocities and fluxes
of ligﬂtlioné {hydrogen and hélium), called the Polar ﬁind, through an
assumed sfatic distribution of oxygen ions, The Explorer XXXI mass spec~
trometer provided the first experimental evidence for the existence of the
polar wind; the ISIS-II instrument enabled comtinuing obéervations of the
distribution and magnitude of the phenomenon,

Evidence for the polar wind is seen in roll modulation plots like
that of Figure 4. Only 0+, He' and gt are shown for clarity. All the ion
species normally appear.on this type of plot. The data clearly show the
roll modulation effect of a spinning satellite, If all the ion species have

merely thermal velocities, the roll modulation maxima will be coincident in

time and colncide with the ram direction (zero angle of attack). See
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cosine curve in Figure 4. Howeverg'if one ion species velocity contains
a bulk motion term, its maximum will be shifted away ffom ram in the
direction of the resultant between the satellite velocity and bulk velocity
. vectors. By ob%erving the magnitude of this phase shift, and knowing the
satellife velocity, the bulklvelocity can be calculated. Polar wind ve-~
locities are easily measured by this process. In the example of Figure 4,
the H' veloclty is 4.2 km sec™! and the H' flux is 1.3 x 10% ions e Zsect,

‘He+ also frequently.exhibits a phase shift with-respect'to 0+
and the ram direction with a magnitude usually about one half that of H+.
In the present example, the He+ velocity and flux are 2 km sec_i and 9 %
10% ions emZsec™t respectively.

The pola; wind genérally occurs poleward of the plasmapause and
is thought to be the flow of ligﬁt ions along opéﬁ magnetic field lines out
into the tail of the magnetosphere. It appears to flow essentially at all
times and is found to‘be very strong in the cleft region but is certainly
not confined to it. The polar cap region tends to be devoid of ionization
and therefore, any polar‘wind flﬁws in this regidﬁ cannot be measured since
the concentrations of the'light and heavy ion species are insufficient to
determine the roll modulation phase shifts, In'additibﬁ to this general
transplasma?ause polar wind there appear to be strong H+ fluxes af the
equatorward edge of the plasmapause, Generally, the velocities are low in
this region but the concentratioﬁs being fairly high give rise to substantial
fluxes, It is thought that in £his region the ion fluxesfare refilling
the magnetic field tubes which haﬁe been depleted of ionization after fhey
have opened into the magnétospheric tail,

The summer daytime plasmapause and transpiasmapauée regions are

. ' + L
characterized by little structure and no trough in the 0 concentration.

This concentration is of the orﬂer of 10410ns cm_3. Generally, the H+_



velocities and fluxes poleward of the plasmapause are quite small, The H+
concentrations in this fegion are of the order of_lO2 to 103 lons cm_3.

At times there is a sméll enhancemenf in the 0+ concentration{like a factor
of 2 or 3) near 75 to 80° invariant latitude which seems to be someyhat |
correlated with precipitating energetic particles in this regioﬁ; There is
also a small enhancement in the electron temperature.

In the winter day there is observed a very deep trough in the ut
and 0+ concentrations betweeﬁ the plasmapause and the cleft. Then the cleft
shows a large enhancemeht in 0+, these concéntrations reaching oflthe order
of 104. In the cleft region there are also large hydrogen velocities giving
rise to substantiairupward fluxes of hydrogen ions.

In the nighttime, a large H+ concentration tfough is seen just
poleward of the Plasmapause in both the summér'and winter hemispheres. In
the summer, 0+ concentrations are very low (less:than‘lo ions cm-3) egquatorward
of the pla;mapause, whereas poleward they rapidiy increase to between 103
and 104 ions cm—3. These large O+ enhancements are correlated with large
particle precipitation fluxes. The high cdqéentration region of 0+ extends
generally into the polar region where theré is little gvidgnce of a polar
cavitj; Also, the H+ fluxes and velocities are low giving rise to;very
small polar winds. 1In the winter night however,lthere.are véry lérgevH+__
velocities poléward of the trough where the 0+ enhancément'occurs. In this
case though, éhere is a deep polar cavity essentially devoid of ionization.
Agéin, as in summer the 0+ concentration equatorward of the plasmdpause is
very low,

1.3 ‘WAKE STUDIES

The H' wake enhancement seen in the polar wind plots of Figure 4

1s a commonly observed phenomenon but it; origin has not been studied in

detail. A number of satellire wake studies have been conducted, but these

10



are mainly theoretical and very little cémpariSOn between theory and
experiment has been done (Samir and Jew, 1972). From the Qata exhibited here,
it appears that the lipght ions are cépable of reaching the instrument when
it is pointing in the wake, as has been shown by Samir et al. (1973), and
in certain preferred directions (Not exactly in the wake) there'appears to
_ be a channel through which fons are more readily tramsported to the instrument.
1.4 MAGNETIC STORM EFFECTS

The general behavior of the ionbsphére is as shown in Figure 1
with 0+‘as the dominant ion species throughout most of the daytime and
N+ roughly one order of magnitude lower. The tracking of N+ with 0+ is
typlcal of all quiéi time ;onospherES.r However, during Ehe gfeatly disturbed
time of the August 1972 magnetic storm,'ét about 1700 local time, August 4,
N+ becomes the dominant ioﬁ, exceeding O+, ffom 55° invariantrlatitude toward
the pole as is shown in Figure 5. During this time the 3 hour Kﬁ index was
8, At the same time, the three molecular ion species, N2+, N0+ and Ozf_ére
observed for the first time at 1400 km. Under normal conditions they are
below the detection limit, 1 ion cmh3, of the instrument. Coﬁcentrations in
the 103 ;m—3 range are, therefore, highly ﬁﬁusual, as is the N2+ dominance
over the other moleculér species. In the normal E and F regioms, ﬁ2+ is
a very minor species compared with NO+ and 02+ ions, wﬁile fofmed.by ﬁho;o—
ionization in the 150 to 200 km range, rapidly charge:exchange with 0 and
02 forming NO+ and 02+.

ﬁata from the ESRO IV mass spectrometer (Prilss and von 2ahn, 1974)
. have shown a ﬁarked decrease in the neutral 0/N2 ratio and a corresponding
enhancement of neutral N, at relatively high_al;itude; during the large

~ magnetic storm (Kp=7+) of February 21, 1973, (No ngutral composition data

2

are available for the Aupust 1972 storm). .The excess high altitude N

is ionized, but, because neutral gas concentrations (0 and 02) above 300 km

11



[A

Z 10+ % /&%‘W o
o \xjﬁ P S A\
- K KDy He—X | o —xbdwg
E o
ok ERD_/ —a.n | 0 ~
;_- o \A_._._A.-A\/D\ \
S Ay \L/\“ N
ol e &y,
o) v +
' N E/ . —x— N AVE\\@
Zz A/A\/ | . | —A— NOt N
o 0 D/E/V | —0— Nt | ~
- : + :
- C&”V - o TV0T 4 av6usT 1972
IO0 1 L i i | L. I | i L A
53:24 26 28 30 _ 32 34 . 36 38 40 42 44 46
GMT 7
45 50 55 60 65 70 75 80 84 84 80
INVARIANT LATITUDE
17:22 i7:24  17:26  I7:28 17:30  I7:35  |7:45 18:00 19:00 24:00
LOCAL TIME - |
Figure 5.

Ton composition during Aupust 1972 mapnetic storm. MNote N+ dominance and high concentrations of molecula
ion species. Because the plasmapause 1s highly depressed in latitude (L=3.0), the molecular ion region
lies in the trans-plasmapause reglon. ' o - )



are much iessrthan in the 150—260 km raﬁge, the chargerexchenge reactions
cannot proceed as rapidly, leaving much of the fonization in the form, N2+,
The high molecular ion concentrations are further suppbrted by the high ion
. temperature, approximately 4000 K, meaSured deriﬁg this phase of the storm.
(E. Maier, private commuqicafion).- Taylor (1973) observed from the 0GO-6
satellite a large enhancement of NO+ during the storm of March 8, 1970 at
an altitude of 400 to 600 km (it is not clear from the feferenee that N2+
and 02+ are also enhanced at ehis time). In.that case 0+ remaiqed the.
dominant species instead of N+ which may be due to the fact that Taylor's
measurements were at a lower altitude, or that the magnitude of the 1970
storm may have been less than the 1972 storm. Simultaneous measurements
from the 0GO-6 neutral mass spectrometer showed an Né enhancement confirming
the ESRO IV results. .

Essentially all of the region at 1400 Rm where molecular ions are
important lies above the plasmapause, located by a steep negative gradient
in H+, which in this case occurred at 55° invariant latitude (L=3). The
ISIS IMS data in Brace, et al, (1974), shows thaf.during‘various phases
of the storm's development the plasmapause was depressed as far south as
‘L=1.9. The H+ concentration remains rather low (<102cm;3) throughout the
polar repion but begins an epward trend towards the night side of the polar
cap where the molecular species are rapidly disappearing.
1.57 POLAR AURORA AND AIRGLOW .

The IMS in conjunctioe with other experiments o: board the
ISIS-II spacecraft has been used in a seudy of the polar-aurora and airglow.
Spin maps for the 63002, 55??3 and 39143 airglov emission were made for
a south pole pass on Aﬁril 23, 1971. These data wefercorrelaeed with the

ion densities and temperature and electron temperature from the direct -

measurement experiments on the spacecraft. Likewise, ion composition

13



results were alsoc correlated with the remainder 6f the dafa. A large peak
in the 5577: intensity shows a strong correiation with an enhancement in
0+ coﬂcentrations and a corresponding décrease in H+ concentration at about
70° inVariént 1atitude,' This region which lies beyond the plasmapauée

and the H+‘trough typically exhibits a pronounced peak in 0+. The electron
and ion temperatures tend to show a sharp peak uﬁ to nearly 4000°K, very
near the bottom of the H+ trough, The correlation of these results is
discussed in a paper by Shepherd, et al (1873).

2,0 - INSTRUMENTATION

The Ion Mass Spectrometer wés designed and built at UTD and
integrated into the ISIS spacecraft at the spaceeraft-contractor's plant
(RCA) in Montreal. The instrument is a miniature magnetié deflection mass |
spectrometer designed to identify and measufa the concentration of positive
ions in the earth's upper atmosphere in the mass range 1 to 64 amu.

It consists of an entrance aperture, magnétic mass analyzer and
ion detection system as shown in Figure ¢. The entrancé aperture, a 7.6
ém diameter screen mounted flush with the spacecraft surface, is oriénted
to look radially outward frbm the spa;ecraft. Ambient ions are attracted
to the screen by a —6-volt potenti;l on the screen and'ﬁj the usually
negative satellite potential. |

There are two basic orientation modes of the épacecrafﬁ, cartwheel
and orbit-aligned. In the former, the spin axes is normal to the orbit
plane allowing the spacecraft téiroll (orlskid) along the “orbit such that
the .entrance aperture points altéfnately in the ram and wake directions.

In the latﬁer the spin axis lies in the orbitél plane. The satellite
vélocity, which is large compared to ion thermal velocities (exéept for H+)

generates an ion flux toward the satellite in the reference frame in which

14
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15158-11 ion mass spectrometer showing principal parts -of instrument and

major electronic assemblies. Use of two detector channels permit simultaneous
scanning of two parts of mass spectrum enabling the entire mass range from 1
to 64 amu to be swept in one second, Instrument is packaged in a rectangular
box 15 cm x 12.5 em X 33 em weighing 6.1 kg. and mounted behind an equatorial
panel of the spacecraft to look radially outward.
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the satellite is at rest. Since thé-poftion of this flux whiph passes
into the mass spectrometer is a strong function of angle of attack of
the entrance aperture, the spinning ﬁotion of the spacgcraft produces.data
whicﬁ is roll modulated with the modulation amplitudé {(ram to wake ion
current ratio) being strongly mass dependent. Valid ion concentration
data are obtained only when the angle of attack is near zero, the ram
conditioﬁ. The‘ofbit-aligned caée'prpduces a favorable angle of attack
only at 2 points along the orbit, the positions dependiﬁg onlthe declination_
of the spin axis. For this reason, data presented herein have been taken
only when the satellite is in cartwheel mode, in which the satellite was
operated about 50% of the time.

Ions which pass through the entrance screen are accelerated
througﬂ a narrow slit (the object slit}, collimated into a beam and passed
through the magnetic analyzer. Twé allovable ion txajectories, 1.8 and
5.1 cm radii, throuph the magnetic field lead to two cocllector slits
positioned such that ions of mass ratio 1 to 8 can simuitaneoﬁsiy reach the
slits. The mass spectrum is scanned by varying the ion acecelerating voltage,
which has a repetitive exponentially decafing wave form with a 1 second
period, over the range from 2000 ﬁo 250 volts, This causes the mass ranges
1l to 8 and 8 to 64 amu to be'simultaneously swept across the colléctof
slits once each second.

Ions traversing each collector slit are detected by a maénetic strip
eléctron'mﬁltiplier (Bendi# M3108), used as a current amplifier, and a
légarithmic electrometer amplifier, one for each mass range. The dynamic
range of each log amplifier is 2 x 10"12 to 1 x 10_6 émp producing an output
voltage range frbm 0.2 to 5.0 volts., Sensitivity of the instruﬁent in
flight is a few tenths of an ion cm_3, this very high sensitivity being

due in part to the rapid motion of the satellite through the fonospheric

medium, 16



The signals from each log amplifier are digitizea to 8-bit words
and fed into 'peaks™ ;ircuits which detect the méss spectral beak amplitudes
by a logic process involving peak location and amplitude averaging. The

_"peaks" cireuit is a unique feature of this instrument. It searches the
output data from the logrampiifiers for bonafide peaks (noise spikeslare
rejected) and determines the amplitude of each. Subsequently these ampli-
tudes are stored iﬁ buffer‘regigters until sampled by the feiemetry'system.
Since only the peak ampiitudeé are trénSmitted, a relatively small bandwidth
suffices to read out the data. By using this technique, the short sweep
time of one secondlcan be effecti?ely utilized to produce 15 to 20 data
points for eaéh spectfal peak for each satellite roll period (depending on
spin rate). This data rate is sufficient to adequately define the roll
modulation curve for each ion species. The position of each ipn peak in
the telemetry format détermines its ﬁass number,

A backup-diagnostic mode, called the analog mode, is available
in which the spectral scan time is increased to 8 seconds, the '"peaks" |
circuits are disabled, énd the entire mass spectrum is telemetered. ‘This
mode is used once each week for two minutes to monitor imstrument operation
via a quick-look data handling process. Figure 7 is a block diagram of
the electronics. |

2,1 Instrument Calibration

An ion mass spect;ometer measureélrelétive ébundances of the ions
sampled from the ionosphere but can be calibrated to give absolute ion
concentrations. Several factors cause the spectrometer to discriminate
against ions of heavy mass. First, the instrument scans the mass spectrum
by varying the ion'accelerating voltage in aﬁ exponential manner from 2000V

to 250V. Lower mass lons are measured near the high voltape end of the :

17



81

| sfc

' BLOCK DTAGRAM OF INSTRUMENT ELECTRONICS

LOWILRSION GATE

'

o me o o e e e o | o r— ms m— —
e

—

HieH vouTase | -
SWEER DOWER -

T TO MAGNET A TURE ASSy

b

SUPPLY
" »
ELECTRON
MULT CH s |
ELEC TRON LLECTROMN
MULT WY SUPPLY MUALTCH B 2

—_——

.

Figure 7.

LOBARITHMIC . ANALOG  TO "DEAKS” CI3ITAL T2 |
, ELLZTROVEITER DIBITAL SERIAL DAY DETESTION LR ANALOS o
HI-MASS CHANNEL CONVERTER cp-3 CIRCUIT , CONVERTIR S-t |
_‘.';.. [ R
AL | L____ I
S CLOCK o |
i ) > CALIB2ATOR CALIBAATE SATE _ J[
' ,! _ CONVERSION GATE . : .
i ' | - |
LOSARITHMIC ANALOG TO sermL DA "PEAKS" " DISTAL TD !
-l ELECTROMETER DIGITAL SERIAL_OATA DETELTION ST ANALO D —O—i—t
1 LO-MASE CHAMNEL CONYERTER co-3 ciRCUIT ‘ CONVERTER $2 I
| 3 f |
|
: -l - 1o KC CLOCK
L PSS SyNe SIGMAL A COMMANDS
| ‘ CONDITIONING 1289 KE
ECOMMAND | & GENERATING
l LINEY - CKTS Hi= MRASS DATA
2T ENES & Le-MASS _DATA
| ' INTERFACE
{JLEWEERIND SeCTION
LIRES L FP3
L E20 Fe8 e
* |u:u%w:t°‘\la
FUNCTIONS .
BiAS '
SWITCHING LOW VOLTAGE, ' ' - MASS
PRE-REGILATOR POWER SUPPLY SR o PECTROMETER
T & INPUT FILTER eXT mol .




sweep where the instrument has a higherltransmission factor than at the
low voltage/high mass end. This phenomenon is known as the voltage effect,
Second, light mass ions, being more mobile than ﬁeavy mass lons, are
- collected from a larger volume. Hence, a larger light mass ion current
is measured for equal concentrations of light and heavy mass ions, -

The only practical method of calibration of an ion mass spectrometer
"is an in-flight procedure (Hoffman, 1969; Hoffman et al, 1973) in which the
sampling efficiency of the:v;rious ion species from the plasma was done bj ,
comparing the total ion current (the sum of all the peaks) with electron
. density data from the ifonograms produced from the séunder experiment on
board ISIS—Ii (J. Whitteker, private communication). Compériéons were first
made in regions where the iénosphere consisted of gfeater than 952 t ions
(the remainder.being mainly He+ and D+}. Thus, a direct calibration of the
absolute sensitivity of the mass.speﬁtrométer to H+ was obtained. Next,
a similar calibration ﬁas made for 0+_using ionospheric regions that were
greater than 90% 0+. In this case the calibration for H' was incorporated
into the calculation, He+_calibration had been inferred from the above,
but recently a region of He+ dominance was identified and a direct He+
calibration obtainéd. From the 3‘point_calibration, the sensitivity factors
for the mindf ions Weré obtained.

A typical example of the result of this in-flight calibration
procedure is shown in Figure 8., 1In pass 339, the ion composition changes

from predominant1y10+ to H+

at -5° and back to OF at -45° latitude. 1In pass
345, the composition changes from predominantly H+ below to O+ above 55°
latitude. ‘Figure 3 shows the detailed composition of this pass. Agreement

between the total ion concentration, N as determined by the sum of the

i’

individual ion species concentrations, and the electron density is generally
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beﬁter than 20% repgardless of which ion is the dominant Spéciés except
perhaps in highly structured regions. |
The mass spectrometer megsures the ionospherié ﬁarameters in

the immediate vicinity of the spacecraft, That is, it can only detect
those ifons which arrive at the instrument entrance aperture, whereas, the
sounder electron density measureﬁent is an iﬁtegral result of the électron
dengity near the spaceeraft, In highly structured regions, these two
~may not always track. 1In additiﬁn, the ;alibration coefficients (sensitiviﬁy
| factors), which are determined by'this comparison process, are thought to
be somewhat dependent 6n total ion density and composition, ion temperature
and spacecraft potential (Parker and Whipple, 1970; Whipple et al, 1974},
Nevertheless, these effects seem to be sufficiently small teo enable the
mass spectrometer to produce ion concentratién measurements to better than
20% accuracy as compared with simultaneous electron concentration data,
such as obtained frém the toﬁside sounder;
3.0 FUTURE WOﬁK

A wealth of data haé been obtained from the ISIS-IMS, much of which
has yet to be studied. A number of tasks have been prqposed and funded
through a grant from NASA. These are discussed below. |
3.1 Polar Wind

The polar wind plasma flows have definitely been found in the cleft
region but are certainly not confined to it. The plasma pause is frequently
observed to lie between 55° and 60° invariant latitude. However, a strong
upward flux of hydrogen ions is frequently observed at the equatorward edge
of the plaéma pause. This plasﬁa pause boundary moves towards the equator

during a magnetic storm. New field lines then open to the tail causing
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large fluxes of hydrogen lons ‘to flow to the tail reglon emptying these
field-tubes. When these field lines reconnéct, plasma bégins to flow up
along the field line refilling them, Since the mean time between substorms-
is-longer than the filling cycle of flux tubes, there is a continuous filling
of these tubes and a rather continuous flow of polar wind particles which éan
often be along closed field lines. In the winter polar.wind velocities tend
) _to-be iarger than in summer time but confined to a narrower région, ﬁhile in
“the summer the area is quite broad with fairly low velocities, Also in the
winter there is a very marked polar cévify éssentially devoid of ionization.
Whereas the summer polar cap region contains a broad region of O+ dominance
of the order of 10 ions em .

Oné of the tasks which is proposed to be coﬁducted at UfD during the
next year is strongly oriented toward continuing the study of the polar
wind, for which a wealth of data exists and a major paper is under pre-
" paration. 7 |

3.2 | Disturbed-Ionosphere

A study involving ESRO IV neutrai mass spectrometer results

'(PISISQ and von Zahn, 1974) and ISIS-II ion mass spectromeﬁer data

during the magnetic storm of February 1973, will be initiated with the‘
.view to determining the correlation between the enhancement of the neutral
species, particularly N2, and the changes in ion composition Qbserved
during a 1afge magnetic sform.

3.3 Global Helium Study

A cooperative program with J. Lemaire of the Institut D'Aeronomie
Spatiale De Belgique of Brussels has been initiated to study the global

distributrion and escape rates of helium from the exosphere. UTD will
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select and analyze data with respect to upward flows of helium ions while
Lemaire will interpret the results in terms of a model to determine the
global escape rates of helium.

3.4 Cooperative Projects with Other ISIS Team Members L

Data haé been supplied to Leroy Smith of the Battelle Northwest Institute
who is working with C, Anger on studies of auroral region éirglow. Wé have
and will continué to supply the data taken from satellite'passeé in the |
. region near the Battelle Imstitute in Washington and the Alaska ground
stations.

Data will be supplied to G. Shepherd to compare cleft responses of
all instruments on the ISIS-II satellite to look for correlative effects
between all of the ionospheric parameters measured by the ISIS-IT instruments
as related to the cleft region. |

A étﬁdy‘is being initiated in which several polé—to—pole passes for
which good values of ion compoéition, Te’ Ti and good ele;tron density
profiles are available will be compared with data from radar back scatter
stations such as Arecibo and Millstone. From the satellite data it should
be possible to calculate vertical profiles of éomposition and teméerature
and compare these to similar data obtained by the back scatter techniques,

Another correlative venture will be to obtain as much data as possible
from the ISIS-I and ISIS-II spacecrafts to give as comprehensive a picture
as possible of the winter polar cap ionOSphere'and comparg these data to
"ground stations available in these regions;‘

3.5 Atmospheric Explorer Comparisons

A large effort is mounting toward cooperative comparisans'of data

~with results from the AE-C spacecraft, particularly the fon mass spectrometer

23



(MIMS) and the retarding potential analyzer (RPA), both UTﬁ experiments.-
Coincident passes are being scheduled as frequently ‘as possible. Since
ISIS-II is in a circular (1400 km) prbit and AE-C is in a highly elliptical
orbit, cbincident passes will likely give results at 2 widely-separated
altitudes, with the top side SOuﬁder providing altitudé profiles of elec-
" tron density between the respective satellite altitudes. Tﬁis phenomenoh
will be particularly true after the AE-C orbit is eircularized at 250
to 300 km alt1tude which has occurred in early 1975, ..+ - -

These AE COOperatlve ventures will be directed flrst of all toward
a cross calibration of the two ion mass spectrometers, then’a continuation
-of the study of the polar wind, and equatorial ionospheric-phenomena
te.g. spread-F). It is expected that a number of usefgl studies will
result from the interaction of the ISIS ‘and AE'teéms,_particularly since
two of the team members are common (Hoffman and L, Brace) and one ISIS

experimenter (G, Shepherd) is an AE Co-investigator.

-
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| ABSTRACT

The fon mass spectrometer onboard the ISIS-II satcllite has providod
detailed information on absolute concentrations of the principal ion‘
species near the fixed altitude of 1400 km, This analysxs descrlbes the
1atitudinal and longitudinal variations of such concentrations for dip 1ati-
tudes below 50°, in the-afternoon (14-17. 5 hr) and predawn (02-05.5 hr) local
times; during undisturbed seasonal perlods characteristic of late Aprllfearly
Mayr The predawn level of ionization at 1400 km is comparable to that ob~
served in the afternoon, Although H is the dominant nighttime ion, the
principal predawn longitudinal varlations relate to the seasenal asymmetry of
0+, and to the shape and extent of the low—latitude He depressions - Two -
distinct classes of daytime 1onospheric behav1or are observed. Certain |
. longltude regions are distinguished by broad summer plateaus of 0+ separated
by sharp equatorial gradients from concentration depre551ons at winter 1at1tudes.
0‘ and i are the major species in the summer and winter hemlspheres, resPect—
ively, vhile He' exhibits the characteristic equstorielrtrongh. Alternetively,r
a region of 1ongltude has been observed where the seasonal variation of O
is less pronounced, and where He+ possesses a symmetrical peak at the dip
equator. Both direct photoionization processes and neutral winds are considered
'capable of producing these daytlme effeots. The data confirm the strong solar-
--geomagnetic seasonal control over the topside ion distribution. More~compre—
' hensive comparisons of ion profiles between different 1ong1tudes and seasons
are possible when the magnetic dip equator is adopted as reference for the

solar direction and hence for the effective ionospheric season.



INTRODUCTION

Although the 1dentities of the major ionic species in the undisturbed
.topside ionosphere have now been. firmly established, observatlonal data
are still not sufficiently extensive to allow a detailed generalization :
of the diurnal, seasonal, latitudinal and longitudinal changes in the ion
compositioﬁ at these altitudes. Data directly related to such ionospheric
variations have been recently reported frow instruments onboard the 0GO0-4 |
"(Chandra et al,, 1970; Taylor, 1971) and OGQ-§ (Taylor, 1972) satellltes
References to earlier experimental obsesvatioss.snd s.dlscu5510n of the
status of current understanding of the normal isnosphere aboye the Fé pesk,
especially at low and mld latitsdes, ase also included in the_analyses of
these authors, | |

Chandre et al. (1970), 1n-presens1ngrresultsIfrom the retardlng
7 potential analyzer on 0GO- 4, placed empha31s on the variatlon with latltsée
cf the pr1nc1pal ion concentratlons and the charged partlcle temperatures |
at low and mid latitudes near the fall equinox. An analysis of data from
the ion mass spectrometer onboard. the same spaeecraft (Taylor et al., 1970)
has suggested the existence of a strong 1on61tud1nal variation 1n the con-~
centrations of the major ions near the 900 km orbital apogee. Taylor (1971)
presents a more detailed description o£ this behavisf fos local noon in late
May and in the late afternooe near 501stice.. The latter studies isclﬁde the
' high latitude ﬁrough region, and demonstrate the solar—geomagnetleAseasosal
control of the ion composition at these altitudes, This type of anelysis has
beén extended by Taylor (1972) to the ion mass spectrometer_data near the
1100 km orbitsl apogee of 000—6? with discussion of selected orbits ef late
afterncon, midnight and predawn daté. However, the aﬂove snalyses were

limited in their local time and seasonal coverage, and the nature of



the OGO-Q,and 0G0-6 orblts prcvehted a complete decoupling of the
altitude dependence. | B

This paper describes ébsolﬁte ion concentration measurements wifﬁ
an ion mass spectrometer on the ISIS-II gatellite, and discusses features
of the ion composition near a fixed altitude of 1400 km as they relate
to 1ong1tud1nal and latltudlnal variations at low and mid latitudes.
These data, in general, complement the 0G0-4& and 0G0-6 results, belng
at only a slightly higher éltiﬁude and sampling similar periods of 1océ; 7
time. The present data are, however, fFee of any altitude &ependénce,J
and provide information on longitudinal ﬁariaticns duriﬂé.diffefent_
seasonal periods than the data of Taylor (1971, 1972). New pﬁenomena-;
associated with the‘obsérvéd 10ngitudiﬁa1 dependence ﬁf'fhe.ion coﬁpoéition
‘at 1400 km demonstrate tﬁe existence of compiex ph}sical ?rbcesses opéra—

tive in this region of the ionosphere.

| INSTRUMEN‘I‘ATIO‘! AND ANALYSIS

The ISIS~II satellite was launched April 1, 1971, into an 88° prograde
orbit with an . almost constant altltude of 1400 km. The payload 1ncluded
‘a magnetic seétor field ion mass spectrometer designed to measure concén-‘
téatlons of atmospheric positive ions between 1 and 64 amu. The specific
details of this imstrument have been reported by son and Hoffman (1973)
and Hoffman et al. (1974), and are similar to the descriptions of comparable
instruments flown on Explorer XXXI (Hoffman, 1969) and the Atmosphere
Explorer (Hoffman et al., 1973) sa;ellites. o

A special feature of the ion mass spectromcﬁer onboard ISIS-IT is

its capabllity to measure absolute concentrations of the major lonic



species, with for example, a sensitivity to H and 0 of 0. l and 0.5
ions/cm3, resPectlvely. Absolute measurements are’ accomplished by in-
‘flight calibration agalnst electron density data from an onboard topside
.sounder. This particular calibration techmique is described by Hoffman
(1969) and Hoffman et al. (1974). Its resultant accuracy is considered
to be better than + 10% in well- behaved regions of the ionosphere, ‘with
some degradatlon in accuracy in the highly- s;ructured polar regioms. In the
normal mode of ‘operation, the ;ustrumeet is capable of proridlng 1on.densities
once every 18 seconds, ;ﬁe nominal satellite spin period; The nearly—eireular
orbit, + 30 km from nominal, of rhersatellite eliminates all airitﬁde
dependence, and provides auglobal mapeing'of the latitudinal end iongié
tudinal variations of all of the prlnc1pal ions for different Seasons
and lecal times. The present analysis 15, however, restricted to the
major ione; H+, d+, and He for a‘SPECiflc time of the year.‘ |
Data on iom coneentrations‘are diSCUSSEd in terms of geomagnetic

longitude as measureﬂ.from the geograehic meridian rhrough tﬁe north_
magnetic pole; with attention restricteé £¢ magnetic dip.latitudes'bet~
ween + 50 degrees. Due to the nominal 110 minute period of the ISIS—II;
orbir, differences of about 8ldegrees in geogrephic longitude occur:beteeen
the extreme northern and sourhern latitudes considered; tﬁe corres§0nding.
variations in geemegnetic 1engitude are; however, unimportant as far as
-the present analysis is concerned. The geomagﬁetic-longitude and local
eime-to be associated with a particular satellite semi—orbit are those
characteristie of the dip equator.

" Yon composition data ere presented for.the two scasonal periods,
23 April - 11 May and 19 Oct-— 10 Yov, 19?1; these periode ere-character*

1zed by similar solar declination angles and local times of the satellite



orbits, Unfortunately, this YISIS-II coverage of the egquatorial reglons
was not comprehcnsive in longitude for any extended period of time, Best

‘ lowhlatitude coverage has existed near 0° ge0magnetic longltude over the
Americas, with sparse but adequate data near +90° over Europe. Taylor

(1971, 1972) has.demonstrated that data obtained‘at different seasons and
1ongltudea can be favorably compared, prOV1ded proper consideration ie given
_to the angle, o, between the plane of the dipole equator and the earth-sun
line. (This o parameter should be dist1ngu1shed from the solar declination
angle and the angle e* which are referenced to the geographic equator ‘and

to the magnetic. dip equator,.respectively.) iHenee data obtained neet 0*
geomagnetic longitude in Oct/Nov are essentiaily equivaient.to that at 180°
in April/iMay, and vice versa, Data near these specific longitudes can.thus
be coordinated to prOV1de a more extensive data beSe for the two given seasonal
.periods. Similar relationships are-not apolicable.between the i?0°'Qata be—.
cause of distortions of the geOmagnetic.field near 490“ from that of a pure
dipole (see, e. g., Flgure 2 of Brinton et al (1970)).

To best demonstrate gross varlatlons in global behav1or orbits of
ion concentration data are classified into finite regions near 0°, +90°, and
180° geomagoetic longitude, with the major.portioo of the chosen data failing
within + 30° of the refercnce longitude. fhe nature.and‘eparseness.of.the '

~ -90° data do not warrant its general consideration ip.this manner. The dete
presented in the various figures are coded with a.notation that tefers to the
month and the actual geOmagnetic longitude of the observation; e.g., At92
implies data at +92° geomagnetic longitude in April. -Further informetion on

a particular satellite orbit can thus be obtained from the summary preeenteo
in Table 1. Likowise,_the designations of the different longitude sectors. are
'pfefixed with A (April/May) or 0 (Dct/Nov) to indicate‘the applicable seasonal

period. As discussed in the preceding paragraph, data at 0° and 180° geomagnetic



longitudes are relevant, but with different interprétations, to both.seasonal
periods;.hence the geﬁeral reference to s;ch data 1s in tefmé of that loﬁgi—
tude assoﬁiated with April/May. Such “effective" geﬁmagnetic longitu&es,
abbreviated egmlé, for the Oct/Nov data are obtained by subtracting 180°
from the actual geomagnetic longitudes, | A

The local time coverages Sf the present data are the 14-17.5 hr
ﬁeriod in the afternoon, and 02—05.5-hrsrﬁredawn. Altﬁoﬁgh not rigorously
coriéct in all cases; the general term "predawn' has béen.adopted to charac-
terize the present nighttime data., The local time for any sﬁecific orbit can
be obtained from Table 1, The seasonal designations "Summer" and "wintexr"
also serve to distinguish ?he two geographic hemispheres,‘even though the data
_ are strictly aéplicable for a éeasonal period interﬁgdiate betﬁeen eQuinbx
and solstice. The related concept of "geomagnetic ééason" which réferencés the
.solar ecliptic plane to tﬁe geomagnefic equator is of spécial imporﬁance in
the interpreta£ion of tﬁe present.ionosphefic dafé. |

The data reported ana discussed in this paper héve been.specially
selected to reflect time periods of low magﬁetic activity.. Alfhough the
"majority of-tﬁese data in Table l'reflect,kp levels of 2 of 1&55, the i#clusion

-of selected cases with higher kp was necessitated by the sparseness of data



in certain 1ONEICUOC TEELONS. ANELL L€, 4l BEHCLGL) v wpmssm—— —ooos oo
teristiés of such data that have ﬂeen attributed to enhancéd magnetic
éctivity. An attemﬁﬁ has also been ﬁade, wﬁe;é fossible, to accéﬁtuatc 7
data for which no unusual magnetic activity Had occufred over the previous
12 hours; the results and conclusions are, therefore, cons1dered to be

representative of the normal undlsturbed 1onosphere.

THE NIGHTTIME TONOSPHERE AT 1400 KM
1. Results from ISIS- II.
The nighttime measuremenés for the seasonal perlods of 1nterest.cover
.prédawn local times between 02 and 05.5 hours. Flgures 1 and 2 illustrate_
the general variabilities with 1ong1tude of the 1atitud1nal profiles for
the maJor observed nighttime ionic species, H and He , respectively;

_each figure has subdiv1s1ons that refer to 1imited regions near 0 and

180° egmlg, and near +90° geomagnetlc 1ong1tude in Aprll/Hay (A+90 )

and in Oct/Nov (0+90°). 0 being a minor ion under predawn conditions

at 1400 km, the observedilongitudinal Vafiability qffits concentration
is summarized in Figure 3 with only selected representative.satellite
ofbits;' | N
As H+ is the dominant nighttime ioﬁ at l&OO‘km for the major portion
- of the low and mid latitudes, its overall behav1or also reflects that of
- the total ionization. This predawn 1eve1 of 1onlzatlog (mloh ions/cm 3
‘15 comparable to that observed at this same altitude in the afternoon.
(a). H A | o -
Figure 1 provides a comparison of the predawn concentrations‘for H+
between the different fegions of geomagnefic longitude, These H+ profiles

are, in-general, fairly symmetric about the dip equator with little



[

variation over most of the latitude fange considefed. ﬁowevef, smﬁll
concentration.maxima often appear near the mid 1at1tudes in some of the
longitude regions. The winter mid-latitude trough in H extends-to IQWer
1atitudes in the region near 0° egmlg (Flgure 1 (b)), otherwlse there is
only a slight longltudlnal effect with regard to the H+ proflles and the
overall predawn ionization at this altitude, |
(b). Hé+. N
Hé+ is usually the-ioﬁ of second importance in the undisturbedrpre— :
dawn ionosphere at 1400 km, with a cléarly—ideﬁfifiabie 16ngitudingi
 varisbility in Figure 2: | T |
1. Near 0° egmlg, He' has a deép eduéforiél fréuéh with maxima at:the
midlatitudes. These curves in Figure é{b) are reaSOnablf éfmmeﬁric

about the dip equator.

'2. The above_characteristic equatorial.tfoﬁgh is néf p:esent in the A+490°
daté; it is there repléced by a broad AeEPIdepressioh.extendine fo
midiatitudes in the Qinter hemisphére, witﬁ a sh;rp cﬁncentfatibﬁ en-—
hancement evident above 40° winter dip latitude. |

3.  The data near 180° egmlg (Figure 2(d)) reéemﬁlé-tbisbme éxténf that
near.A¥90°, but with the winter depressibﬁ sﬁmewhathlesé deép énd
éhifted to lower latitudes.

74. At 0%90°, the Hé¥ depression extends th?oygh-both hémispheres to near 40°
dip lafitude, followed by eoncentration iﬁcreases atfhigher latitudes.

The depletion of light fons in ﬁhe trough regions above 50° dip latitude

(e.g. Taylor and Walsh, 1972} resultsin especlally sharp mid-latitude

peaks in nighttime He' in the winfer hcmisﬁhere near A+90° (Figure 2(c))-

and in the summer hemiqphcre near 0+90° (Flgure 2(a)) | | Such.peaks o

are observed in the c%tcnsion of the given ISIS IT data to the higher latitudes,



._(c). ‘d+.
| Becausn of its status.as a uelativély minor specie° during predann
hours at 1400 km, the only ISIS-II data presented £or the lengitudinal
varjation of nighttime d+ are that summarized in Figure 3. An important
feature of thesa observed profiles is fhe concentration peak at the dip equa-
tor. The prlmary longltudlnal varlabxllty of 0 in Flgure 3 is reflected
in the mid-latitude summer enhancement in the reglons near A+90° and 180° egmlg.
(d). - Comparlson of Relatlve Behaviors.
| The general features of the 1nngntud1nal varlatlon uf the rélatlve
’ concentratiOns of H . He+, and 0 over the latitude range + 50° can be
obtained through CDmparisnns of the vafiatibns; uf He-.i- and O+ (Figures
2 and 3) with the eSsentialiy”invariant H+ concen;ratiOns in Figurérl.
Hé+ is normally the ion sécond in concentraﬁion‘forlprednwn at 1400 km,
-and‘achieves its grentest magnitude ut-the higher latitudes befor; beuoming
depleted.in the po]ar regions. é+ and O+ appear to be unti—correiated in
the sense that at low latitudes changes in nighttime O are usually asso-
ciated w1th opposite changes in He . Large relatlve changes in the con- |
centrations of He' and o' y In general reflect only minor unresolved relative
changes in the concentrations of H : hence correlations between predawn H
and either Hé+ or 0+ are inconclusivu.
2. Comparison-with Prévious Results.

Limited comparisons are possible between.thu present nighttime .
1SIS-I1 data at 1400'kn, and published results from 0GO-4 (Chandra et al.,
1970) and 0G0-6 (Tayler, 1972).near 900 and 1100 km, nespectively.l Hnwevef,

such 0G0-4 data refer to conditiouns near nidnight at equinox, while the



relevant: portions.ef the bGO 6 results ere applicabie.for‘predawn at eqeinox
and midnight-predawn near solstice, Hence seasonal altitude ‘and local
time differences must be recognized when‘eValuating comparisons of the
fpfesene with these previous data. Such_factors may, for example, be
responsible for the ISIS-II obsefvations'of a predawn level of ionization -
at 1400 km that is somewhat below that'suggested'fy the abqve lower-
altitude measurements. Dn the positive side, there are several features
in the ISIS-II data, such as the mld 1atitude enhancements of H at'l
selected longitudes (Figure l),rthat are also-recognlzed 1p the eaf}ier.
data. - |

The equatorial He+-tfough that was‘diecussed with regard te FigureAZ
is also a characteristic feature of the ebeve;cited 0GOD data; Mid—ietieude
depressions of He are likewise observed in the.predaﬁﬁ OCOué data tTaflor;
1972), where they are e1ther preseet in both hemlspheres orrfavor the

hemisphere approachlng summer. The existence of-an opp051te seasonal

effect noted in Flgures 2{(c) and 2(d) of the ISIS-II data is not apparent
in the data of Taylor (1972).

" . The large diurnal eaeiat10qs in d+ at 1400 km'(cempare Fig@re'B with
Figure 4 to follew) result in a seroeg depenaeeee of the magnitude of the
nigﬁttime equatorial peak on local time. The observed concentration 1é§él
(Figure 3) is comparable to that of Taylor (1972) at predawn, but the
-correspopding midnight data of Chandra et al. (1970) show ‘this equatorial
0+.£aximum to be over an order of magnitude larger and intermediate
between H+ and ué*. The mid-latitude enhancement of nighttime d+ at
selected longitudes (Figure 3) is also ﬁresent.in the equinox data of

Taylor (1972) and Chandra et al. (1970}, Eeing il;ustrated at negative

gecmagnetic longitudes (where there is no ISIS~II data) for the hemisphere



approaéhing summer, The observation of these-d+ enhancements near local
midnight.at eduinox (Chandra et al., 19705 eliminates presunrise
effects as their primary source. h X

The apparent anti-correlation betwecen the lcw-latltude behaviors of
.nighttlme 0 and He+, that was mentioned in part 1 (b) of this section, has
-also been observed in comparisons of the present ISIS-IX proflles both
with those obtalned closer to local mldnlght and w1th those obtained
during magnetic dlsturbanCES, in such studies any. equatorial 1ncrease5
of 0 are well correlated with simultaneous depleticns in He+.' Such a

. o ) -,

-relationship between He+ and 0+, also obsérvéd at lover altifudes, has been
discussed by Chandra et al, (1970) who consmder vaflous chafge transfer
reactions 1ead1ng to 0 and N as p0551b1e 1oss mechanisms for Hé+.
However, little 1aboratory 1nfcrmat10n is avallable on the relevant
reacéion rates, Ionorpherlc dynamics céuld also play a role in this

- important, but yet unexplained, feature of the top51de ion dlstrlbutlon.

~ THE DAYTTME TONOSPHERE AT 1400 K
1. Results from ISIS-II,

The daytime ion concentration data to be presented from ISIS-II cover
the'local time period between 14 and 17.5 hours. These data show the
total ion concentration in the afternoon near 1400 km to be comparable
to that observed at predawn, with a magnitude near 104 1ons/cm3. A
uhique feature of the ISIS-II results is the existence of two distinct_

types of daytime lonosphere at 1400 km at this particular time of the

year. One category was present near 0° egmlg; a distinctively different
jonospheric behavior has been observed in the April/tlay longitude reéion

near 4+90° extending to 180°. Differences betwcen these contrasting
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1opcsphcres ‘are most apparent in the léw—latitvde profiles:of d+

~-and He+. |

A surunary is presented of the observed variations witﬂ longitude éf the
" Jatitude concentration profiles for vhe three daytime cohstiﬁuents, d+,

H+ aﬁd He+. Special phenbmena associated with thg ﬁegion near 180° egmig
.warrant separate discussion in the next sectivn. |

(a). o. | | .

Although a minor 1onlat night, 0 is a magor‘and in places the-‘
dominant ion in the afternoon at 1400 km. The 1ong1tude and latltude varia~-
bilities of this 1mportant F—reglon ion are illustrated in Flgure 4, Near
0° egmlg (FigUfe ﬁ(b)), : there is a broad plateau of 0 in the summer
rhemisphere follbwed by a deep depressiOn 1n_w1nter. O+ is the domlﬁan£
~don at summer latitudes, but is second;ry to H+.in the winter hemispherel'
#t tﬂis altitude, | ‘ | o

The characterlstlcs of 0 near 0+90°‘are dlfflcult to evaluate because
of itdcomplete equatorial coverage by the satelllte However the portlons
of orbits displayed in Figure 4(a) suggest such behavior to be similar
to that observed near 0° egulg (Flgure 4(b)) This property is especially
noticeable with regard to the wlnter depresrlon at mld latltudes.

" In contrast, the variations with latitude of the O concentrations
near A+90° (Figure 4(c)) are distinctively différent from those described
_above. These'90°.profiles are more regular,lwith the wintér deﬁressions
reﬁlaced by more gradual declinés in concentration..
®). H. |

Daytime concentration profiles for H' from iSIS;II are summarized
in Figure 5; this latitudinal behavior of ut is, in some respects, |
Opposité to that of d+. Neax 0° egﬁlg (Figure S(b)), ﬂ+ tends toward
a maximum and is the most abundant ion in.the winter hcmisphére.

1%



Its concentration remains reasonably constant over a consideraﬁle '
ranpe of sumner latitudes, but at a magnitude less than 1/2 that
Aof 0. By comparlson the H proflles near- A+90° (Figurc S(C)) have
“broad maxima at, and are symmetric about, the dip equator, and do not
‘exhibit the above summer plateaﬁs. ,ih éeneral, the H+ eduatofial con-
centrations are‘laréar, and the épmmer_mid—latitude concentrations
smaller, near A+90° than at 0° egmlg "The nature of the avaiiablé i data
in the 0+90° reglon (Flgure S(a)) precludes th31r unique categorlzatlon
in terms of the other longltude regions . ..In conc1u51on there are observable
differences, eSpec1ally at 1ow latltudes, in the behav1or of H between
the different longitude rEglonS, although these dlfferences are no£ as
pronounced as those dlscussed for 0+ |
{c). He+. ‘ |

The most distinctive feature éf the'p?eseht daytime He+ da@a‘étlléoo
“km is the deep equatorial trough obéerved near 0° egmlgr(Figure 6(b)}.
The associafed wintgr He+ maximum observed iﬁ this 19ngituﬁe regiﬁnrié
also slightly enhanced over the éompanion éﬁﬁmer.maﬁimum. Mid-latitude
;oncentrations of Hé+ near 0+90° '-_(Figﬁré 6(3)5 possess features tha£
_are strbngl§ suggestive of similar latitudinal profiles in this regicn;

A special ionospheric behavior near At90° is also evident in éhé He+
data (Fiéure 6(c)). The Hé+ equaﬁorial trough observed at other lonéi—
tudes is completely absent atA&90°, and is, in fact, rea}aced by a
symmetrié equatorial bulge. The presgnce'or absence of the equatorial
Hé+ trough is a convenient way to distinguish the two alternative type;

of daytime ionospheric behavior observed at 1400 km for this time of the

year .
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(d). Comparison of Reclative Behavioré.

Differences between the two alte&native types of-&aytiﬁe ionosphere
bbserved‘at 1400 Rm~are more apparent in the felative behaviors @f the séparate
ion profiles as illustra-ted in Figure 7. MNear 0° egmlg (F_i;gure 7(5_)),_ 0+ is the most
abundant éummer ion, with H+ becoming dominant in the wintgr hemispheré,

.1n fact, He+_at times actually exceedsro+ in concentration at selééted
latitudes. This is the same longitude regiOn where at QQO km (Taylor,
1971) the daytime H concentfatlons become compgrable in magﬁztude to
the otherwise dominant O concentrations and He+ exceeds H , over llmlted .
but not necessarily overlapplng, ranges of winter latitude, .- | o

These general features near 0° egmlg appear to be also present at 0+9D°'
and, in addition, ate recognlzed in parts of the 180° egmlg data dlscus sed
in the next sectilon. In contrast, at A+90° the H peaks are shlfted toward
the équator and H+ remains the most abundant ion farther into the summer
hemisphere, &he He+ concentrations are never gfeater thanrthose of Q+
in thié latter lonéitude region., Furthermore, the H* and He+ cbnéentrations
near AH90° vary in a similar‘manner with latitude, a pioperty nof as
apparent in tﬁe other lo£gitude regions: The anti-correlation Between He+
and 0+, discusséd relative to fhe nighttime data, algo appears to be
present in Figures 7{a) aﬁd 7(b), but is 1es§ well-defined inr
Figure 7(c).

The above features in the ISIS-II data provide sfrong_evidence of
the di;tinctive differencés Between the daytiﬁe iohospheres near 0° egmlg

_and AH90° in the Ap;il/ﬂay seasonal.period. The type of ionosphere
deseribed near 0° egmlg is to be rgferenced as‘S—typq as its character-

{stics have been observed at lower altitudes nearcr to solstice {Taylor,1971}).
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-in a similar manner, those features‘observed with I5I5-II in the

vegion ncar A+90° are to be labelled E~type sinée the? afe postulated to
be.mofe.reprcsentative of conditions near equiﬁox. The basis fér such a
cla%gification is.fﬁfthcr discussed in the ﬁext section,

2, Comparison with %revious Results,

Comparisons are avallable between the ISIS-II afternoon data and that
reported from 0GO-4 by Chandra et al. (1970) for morning in late October
and by Taylor (1971) for noon in late May and late aftcrnoon near ‘olstice
and from OGO—G {(Taylor, 1972) din the late afternoon near équ1nox.. Seasonal,
altitude and 1océl time differences are tﬁus also invoived in thesé |
comparisons. The data'of Chandra et 51. 61970) indicate d+ to be tﬁe maost
abundant daytime ion near 900 km at concentrations (WIOS ions/cm3) that are
roughly 10 times the night flme level of ionization (11ght ions) observed
at this same altitude. Such general diurnal behav1or is also noted in the
jOGO -6 equinox data (Figures 5 and 6 of Taylor (1972)) with the late after—
noon O+ concentrations achleV1gg levels in excess of 5 x 104 1ons/cm3 above
900 km., In contrast to these previous resuits, the ISIS?iI dgta in the |
afternoon show the totai ion concentration near 1400 %m to be éompafable to
that observed at predawn, with a magnltude near 104 ions/cma. Furthermore,

as demonstrated Ly both the present data and that of Taylor (19?1) ﬁﬁé day-
time dominance of O‘ at these altitudes is defiqitely restricted in both
" Yatitude and longitude, SeaSUnal, iongitudinal, and local tiﬁe variations
between the various sets of measurements probably contributermore t§ the
above differences than does an altitude effect alone.

An fmportant characteristic of the 0G0-4 data (late May) of Taylor (1971)
is the existence of a seasonalrasymmetry at all iongitudes in the daytime 0+ con-
centrations that favors enhancement in thé summér hemisphere, Ifhis-property is
also present in the ISIS-IT data for the longifudé regions exhibited }n Tlgure 4,

However, Chandra et al. (1970) in late October observe near —30°‘egmlg a more
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gradual latitudinal decline than that shown for 0% egmlg ie Figure 4(b),
while Taylor (1971) reports the 0" concentration in late May at theee
semeAlongitudes to decrease several orders of magnitude between the

summer and winter hemispheres. Hence,-for this partieular region near

0° egmlp, those 0 concentration profiles observed closer to solstice
rpossess much greater seasonal asymmetry than correSpondlng data taken

nearer to equinox., This strong seasonal variability for 0+ is a specific
example of the more general.depeﬁdence of the topside ion profiles on
rhc orientation of the geomaénetic field relative to the sun (i.e.,;on
the « parameter of Taﬁlor {1971)); however; the preeise eatere of thie '
dependence remains undefined. Whatever its forn, such a relatlenshlp can
also result in a 31gn1f1cant longltudlnaT varlatlon in the daytlme 0
data at certain times of the year. This latter effect is quite discernible
in the ISIS-IT data where the summer emhancements of 0+ in Figure 4 contrast
'>sharp1y with an almost-negligible seasonal behavior discqssed in teeinext
section relative to data near 180° egmlg. | | .
1f one excludes the region near 0° egmlg, the 1ower—altitude neontime

H data of Taylor (1971) from 0G0-4 "have the same general symmetry propeltleg
with respect to the magnetlc equator as those shown in Flgure 5(0) ‘These
properties are also noted in the selected daytime H proflle dlqcussed with
regard to the 0G0-6 data (Figure 5 of Taylor (1972)) at 1100 km near the |
spring EQUanh. The principal dlfferenee between the above OGO~4 and

the present sets of daytime H data occurs in the longitude reglon near 0°
egmlg, where the broad latitudinal profiles in Figure 5 (b)>give no indication .
of the mid-latitude winter depletions observed by Taylor (1971).

The equatorial trough and relative winter'enhancemeet in the daytime

ué* coneentrntioes arve special characteristies of the noon data near 900 km
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discussed by Taylor (1971). Such data, however, indicate these features

. ' +
to be present at _all lonpitudes. Hence the ISIS-II observations for He

(Figure 6{c)) differ sigﬁificantly from the corrésponding Méy daga of
Taylor (1971) near +96° geomagnetic latitude. However.the measurements
of-Taylor (1971) refer to a scasonal period closer to solstice than those
presented from ISIS-II, and these cdntrasting behaviors of He+_near A+90°
could arise from the same seasonal effects that are'fgsponsible for those

variations discussed in the next section for the region near 180° egmlg.

VARIATIONS IN THE DAYTIME IONOSPHERE.NEAR 186° EGMLG

As discussed in paft 1 of the previous section, the observed day;
time ionosphere near A+90° (dénoted as E—type) ié distinctiyely‘ﬁifferent.
from that at 0° egmlg (S-type). Daytimé-dapa Bbtained in the wvicinity
“of 180° egmlg indicate feétures that are assoﬁiatéd with both types Qfl:
ionosphere. The existence of sucﬁ contrasting behavior céﬁ be estéblished
through the d;ta summarize& in Figure 8 for‘O.+ and Hg+, species for which
the differences are the most apparenf. A diétinguishing féatufe of the
S-type of He' profileg in Figure é(a) is the prééénce of an equatorial-
trough similar to that observed near 0° egmlg in Figurg_ﬁtb). iAlternatively,
the symmetfic equatorial maxima found near A+90° in Figure 6(c) suggest
the.He+ profiles of Figure S(b) to belong to the E category. Theée same
classifications.are also applicable to the 0+ profiles in Figure 8, with,
however, some minoer modificatiogs. An E-~type of O+ prof%;c_defined
according to Figure 4(c) decreases at a stéadj rate from the summer to
the winter hemisphere, while the corresponding curves in Figure 8(d)

show an opposite seasonal effect with indications of a slight equatorial '
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depression. Howevér, the d+ Curves labélled $~type in Figure 8(c) do
c#hibit ‘the formation of eqﬁatorial maxima that should develoP to the
sharp equatorial gradlants and summer plateaus observed in Flgure 4(b)
as the season evolves ‘toward solstice. Such O peak development is well
.correlated with the formation of the daytime He+ equatorial troughs, as
demonstrated through the profileé of Figure 8, and of Figures 9 and 10
to follow. Although the features that distinguish the basic E- and S-types
of daytime ionosphere éxe weakij defined in the 180° egmlg‘défa; the |
concurrent consi&eration of both O+ and He+ behaﬁibrs for a ﬁarticulér'
orbit reéuces any ambiguityrin irs cléssification. The pafticular.
presentation in Figure 8 demonstrates that the given classifi;ation
scheme is meanlngful for the 180° egmlg data as a whole.

Portions of the data in Figure 8 possess dlStlnCt lonéltualnal
~and time variations that warrant special attention. Figure 9 compares
profiles of Of and He+ between ;ucéessive satellite orbité,.for two
"separate days. On each of these days, the exiséence of an S-type of

‘jonosphere at negative egmlg near 18@°_(the solid curves) is readily
distinguishable from the E~type (dashed curves).observed one orbit later
at positive egmlg. Figure 10 presents two séts of da£a af appro#imately
the same longitude, but séparated by a ;ime period of about a_weeﬁ. 'Thg
particﬁlar orbits selected fof Figures 9 and 10 are representative of
other examples in the data. Such figures demonstratedthat significant
changes in- 1onospher1c characLerlstlcs at low latltudes are p0551ble

between successive orbits, or within a short seasonal time span, for
pan,

these longitudes and seasonal periods.
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The daytime data near 180° egmlg have also been analyzed with.
regard t; a possibic seasonal effect, aé reflected in the magnitude of
the solar declination angle. The results utiliziﬁg a major portion of
the available rcievané data are illustrated in Figure 11. Each do; and
open circle represent a value of the solarlangle and associatéd longitude
at which an E-type of lonosphere has been observea; the-crossas denote
-.similar pérameters for the S—-type. Thé_points for each such'categgry
.ténd to be confined to distinct areas.of the figﬁre. Obsefvation of:
an E-type of‘ionosphere is favored at positiﬁe egmlé, and for the
smaller solar angles; as the solar angle increases, a region of S-type
features develops at negative egmlg and exﬁan&s toward pésitive egmlg.
Two special obsérvations, accentuated with arrovs, prevent the lpcation '
of the corrqsponding transition region fram Béing linear (i.e., lie
within the dashed band) with'sola# declinéfioﬁ‘angle. Hence, although
there are definite indications of a ggnefal dependénce of this ioﬁoé

ence of these two

spheric behavior on solar declination angle;ithé pres
well-defined S-type profiles (coded A+170 and N-6 in Figure 8) at pbsitive
egmlg suggests that other shorter-term prodesses maylalso be operative. -
As described in tﬁe next section, tﬁé ionospheric ch;racteristics
near +90° and 180° gcomagnetic longitudes are expected to be some&haf_
similaf because of distortions in the ééomagﬁetic field. The E-type
of behavior noted nmear 180° égmlg (Figﬁre 85 can thus be diréctly related
toithat obéerved in thé A+90° regionr(Figurcs 4{ec) and‘G(c)j. Although

. rigorous conclusions are hindered by the lack of satellite data in the

-90° geomagnetic 10ngitude region, the observations at 1400 km are
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conqiotent with the following interpretation. Dﬁring late April and
October, the daytime fonesphere near 180° egwlp is basically E- type.
with the E/S transition region at large negative egmlg. As the season
evolves toward middle May or November, the déytime ionqspheric fea;ures
‘near 180° ggmlg become more characteristic of the S;gype.' Such a frend
is supported by Taylor (1971), vhose data exhibit S—t&pe properties at
all longitudes in late May. These seasonél changes are, however, small
in magnitude conpared to the dlurnal O variations at this altitude, and’
other processes (e g. magnetlc dlsturbances) may cause 51gn1f1cant short—_

term GEViations from this generalized behavior,

.DISCUSSION
This presentation of‘daté from iSIS-II satellite ;c’iaoo Eﬁ héé
emphasized longitudlnal variatlons of the pr1nc1pal t0951de ions at low
and m1d latltudes There are several general features of the observed
variations that demonstrate in a unique manner the 1mportant role of |
'fhe geomagnetlc fleld and 1ts orlentatlon relatlve to the sun. This
discussion is directed prlmarlly toward O and He . species for which
such-longitudlnal variations are the most pron0unced
1. A Generalized Solar—Geomagnetic Seasonal Dependence.
-‘Taylor (1971, 1972) ﬁas described the solar iﬁfluence over the
topside ion distributions. in terms of thelangle, u; between the earth-

sun line and the magnetic dipole equator. The latter simple model of
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the gcomagnetlc field is reliable at low latitudes near 0° and 180°
geomagnetic longitudes. MNence we have utillzed the gencral conclusions
" of Taylor (1971, 1972) to coordinate data from two sepérate seasonal
-perlods into an enlarged data base near these specific longltudes
Limited comparisons-arc available within Figures 2(b), 4(b), and 6(b),
respectively, between April/May data near 0° and:Oct/Nov data near 180°
geomagnetlc 1ong1tude Comparable information can be obtalned from
Figures 2(d) and 8 relative to Apr11/May data near 180 and Qct/Nov data
near 0° geomagnetic longitude, The general 51m11arltles of the concen-
tration profiles within each of ﬁﬁéée figu?es_gré c@nsistent with
'predictionsrfrom the dipole model of féylof (lé?i. 1972).

There are, in addition, more subtle compdrlsons avallable in the
ISIS- II data that lead to an exten51on and generallzatlon of the above
a-angle concept. The dipole field model of Taylor (1971, 1972) would suggest,‘
for example, the equivalence of the +90° (Aprilfﬂay) and ~90° (Oct/Nov)
geomagnetic longitude:regions. 'Hpgéveﬁ, distortigns of the true geomag—
petic field in the +§0° geomagnetic 1oﬁgitﬁd; region, as iiluetraﬁed in
Figure 2 of Brinton, et al (1970), are suff1c1ent to preclude any
p051t1ve conclu51ons from such a comparlson.for the actual data. .Iﬁ
fact the m%gnetic dip equator near +90° lies as far north geographlcallf
as it does at 180° geomagnetlc 1ong1tudc. Slnce the ISIS~II data atre
referenced to the magnetic dip equator, there should exist favorable
‘,éomqarisons between observed ioﬁ concentration profiles éi +90° and 180°
geomaﬁnetlc 1ongltudcs in any given seasonal perlod " Hence, features
of the data near A+90° should‘be similar to.those near 180° egmlg. Such
properties in the night—timc data are confirmed through comparisons of

Figures i(c) and 2(d) for He+, and of the O+ profiles labelled }HJ6-and
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N-lj in Figure 3. As discussed in the previous scctkon, portions of
the daytime data at 180° egmlg (Figures 8(b) and 8(d)) also have properties
: identifiable with curves in Figures étq) and 6(c). |

An additional relevant comparison is suggested by thié generaliza~
tion. Data at'90° geomagnetic longitude in Oct/Nov, being comparable to
that at 180° (Oct/Nov)}, shﬁuld'posséss prcpertieé that apprﬁximéte the
features near 0° (April/Haf)- That ié; there should be general siﬁilarities
between the ion profiles of the 0+90° - and 0° egmlg reg1ons Thé nigﬁt—time
d+ curves, labelled M-6, 0+71 and K+102, in Figure 3 are indeed con51stent
with such a relationship; the same is true 1n the daytlme data for the O
proflles in Figures 4(3) and 4(b), and for the He+ proflles in Figures
6(a) and 6(b). Although apprec1able dlffe*ences are noted betheen Lhe
night-time He+ curves in Figures 2(a) and 2(b), both such sets of data do
possess greater equaﬁoriél symmetrﬁ tﬁan do the He+ profiles at.other 
longitudes. | | '

The ISfS—II data thus provide suppért tﬁ-the cénclusions ofATayior
(1971 1972} in those longitude reglons where the dlpole model is a valla
approx1mat10n to the geomagnetic field. _Tie data also suggest a general
cxfension of such‘concepﬁs to regions where fleid dlsfqrtlons occur. The
important quantity for the favorable compariscn of ionospﬁeric behavior
between different seasonal pericds is thus an effgctivé o parémeter
which references the earth-sun line to the localized magnetic dip
| équgto:. 0b§er§ations by ISIS~II thus confirm the strong solar—geomagnetic

seasonal control over the topside ionization, even at night.
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2. The Daytime.Ionosphere.
| Imbortant questions remain concerning tﬁé natgrc of those physical
Aprocesses reéponsible'for the daytime feétures that distinguigh the A+90°
and 0° egmlg ;cgiohs. Such featureé.relate primarily to the d+ concen=- |
tration gradient at low latitudes, and té the presence'pr absence of the
He+ equatorial trough. The ionoéphefié §ériations pbserved near 180° egmlg
"are probably special manifestations of thesé same #hysicél brocessgs. This
discussion emﬁhasizes solar—iﬁduced effeﬁts on O+ variationé at low 1ati;
tudes; longitudinal v;riation; of He+ are:assumed to bé a conééquence of
Ithe normélly observed, but still unexplained, reiationshiﬁ.of theée'
éoncentrations with O+ at l&bO km. |

The solar declination angle, w,llncreased betweenrabout 9. 5rto
17.5 degrees throughout the seasonal periods of the comp051te data basc,

during such an interval the daytime northern and southern geomagnetic

hemispheres in the region near 180° egmlg achieved a high degree of

symmetry with respect to the ecliptic plane. This condition is illustrated

in Figure 12 for the sbecial case of local noon at 180° (April/May). Whéﬁ
the.sun'is in the direction indicated, such'symhetry is attained when ¥

is equal to 60 (ﬁ 11.4°%), the angﬁiar,différence between fhe'geomagﬁetic
and geodetié'poles. For ¢‘< 80, the ionospheric seasonal cha:actéristics
at these loﬁgitudes favor northern winter and southe%n summer. The
situation here reverses for ¢ > Bo, as the seasonal aﬁymmetry with respect
éo the magnetic equator becomes consistent with that at other longitudes.
Because of the magnetic field geometry, 2 similar transition between
"geomagnetic seasons" should cccur almost concurréntly néar A+G0°, An

1

effective ionospheric season of ncar-e qu1nox thus exists in both the

-
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A400° and 180° cgmlg reglons during'the reported period of ISIS-II
ob"crvat;oné, Lence differences betueen the northern and southern
dayLime ionospheres at these longltudes should be especially senéltlve
to solar-indu;ed processes during sich a seasonaltinterval. |
Solar_influence on ionospheric behavior can be exerted directly
via the produétion and subsequent redistribution of ionization, or
1nd1rectly through the stimulation of comparable processés iﬁ the back—
ground neutral atmosphere. The resultant effects of both mechanlsms
should exhibit simila; dependences on solar zenith angle, and hence on
season; the basic distinction is thé strength of thé fundamental
processes involved. Brinton et al. (1970) have investigaged the effects'
of solar-induced atmospheric winds relative to:ion concentration ﬁeasﬁre—
menté between 1000 and 2000 km from Explorer 32 satellite. Such data,
obtained near mid-day between June and Septeﬁber indicate a strong |
.seasonal asymmetry in d+ betwéen —30 and +20° geomaonetlc 1ong1tude,
as compared with nearly symmetrical-prof11es in the +70° to +120° and
the -110° to -170° régionsf ‘A theoretical model, applicable for 0° -
and 180° geomagnetlc longltudes at geographvc equ1noﬂ, served to demon-
strate that meridional winds in the neutral atmosphererwere capable of
producing the observed longitudinal O+ variations. Such winds ma&ialso
bé a factor in explaining similar effects observed with 1SIS-II.
Solarfinduced changes in the rate of O production and associated
}cdistribution provide an_additlonal nechanism for produé;ng the observed

daytime longitudinal variations. The ultimate role of solar radlatlon

in this regard must be considered in texrms of its effects at lover
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altitudes near the F2 peak where the major portion of-the oyerall o
jonization is produced, and from where the resultant effects are propagated
to tﬁc altitude of oBservation._ The O+ concentrations at 1400 km are
especially sensitive to such phot01on1zat;on and tranuport processes,

‘as evidenced by their large diurnal varlatlons. Seasonal and long1— 
tudinal effects are essentially perturbations to these large diurnal 0+
variations; hence direct solar ioaization.pro;esses should also be capable
of ptoducino the observed daytime ionosphefic variations.

-The daytime ISIS-I1 data near A+S0° prov1de no lndlcatlono of
variations comparzble to those dlscussed near 180 egmlg, even for ﬁhe
later portion of the April/May seasonal period. Hence differences persist
betveen these two lbngituae regions, dcspite éimilafity iﬁ the geOgrabhic
latitudes of their respective magnetic equators..‘Such effécts remain
secondary to the general seasonal trend‘ but could be of the same ordef
as the irregulatity in behavior noted in Figure 11. A better tfeatmentl
of the true geémagnetic field configurafién and a ;onsideration of its
east—west-geographic components cﬁuld provide.an explénatién for theée

higher order effects.
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In stimmary, absolute concentratlons are reported for the principal
ions near 1400 km at low and mid 1ati£;des from the fon mass spectrometer
onboard the ISIS-II satellite, Data are discussed for afternoon (l& 17.5 hr)
and predaw1 (02 05.5 hr) local times during April/May and Oct/Nov, 1971.
Satellite coverage has been suff1c1ent to allow camphrlsons of the lati-
tudinal behaviors of these ions between the 0°, +90°, and 180 geomagnetic
longitude regions fér both such'séésonal-periods. Maﬁy fe;tﬁrés of thésé
variations are quite different from those repoLted by other investigators

The overall predawn level of ionlzatlon at 1400 km is found comparable
to that observed in the afternocon. The dominznt nighttlmg ien, ¥ f+, exhibits
little horizontél vafiability over the major portion of the 1owrand mid
latitudes. waever, the seasonal asymmetry-of 0+ is strongiy dependépt on
longitude, and the weil—defihed equétoriai tfough in He+ preéent.in éertain
longituée_regions develeps atlother longitudes into broad deﬁressions tﬁat
extend well into the middle latitudes. | “ | |

The observed dayfime 1atitudi£al profilgs'of fon concentration also |
exhibit a complex longitudipal behaviof,.with O+ and H+ gompeting-for
dominance over the given 1atitﬁde range. Certain 1ongitude;régions are
distingpished by broad summer plateaus of 0+, separatea by shéfp equaioriél
gradients from concentration depressions in the wintef heﬁisphere. H+
has a slight ephancement and becomes the dominaﬁt daytime.ion at the
winter latitudes. The equatorial He+ trough is also a characteristic
feature at these longitudes. In COntrast; zn extended region of longitude
'has been observed over which the seasonal o asymmetry-is much less pronounced,

N .
and where both H and He exhibit symmetric concentration peaks near the
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magnetic dip equator. These behaviors are inferred to refiect two distinét (8 and E)
classeg of low-latitude daytime {onosphere at this altitude énd season.
Both types of features are recognized in data applicable to 180° (April/May)
georagnetic long1tude with indlcatlons of a general longitudinal and seasonal
dependence. Direct solar photoionization and tragsfer processes, as well as
interaction of the ioaosphere with neutral étmospheric winds, are considered
capabie of providing the basic source mechanism fof the observed daytime
longitudlnal effects. |

The ISIS- II data confirm the strong solar-geomagnetic geasonal COntrol
(faylor; 1971, 1972} over the topside ion distribution, | This property is
fqrtﬁer demonstrated by improved compzarisons of ipn profiles befweéﬁ different
longitudes and seaseons that result when the sélaf direction is refereﬁced to
the ﬁagnetic dip equator. Howevér, a moré-refineﬁ modélkof.ionqspheric
;hemistry énd dynamicsd-baSEd on a moré;rigorous représentation oflthe geo~
magnetic field éna including such minor spe;ieé as He+, femains é'neceéséry

prerequisite for complete understanding of these ISIS-TII observatiqﬁs.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

" Figure 5.

Figure Captions

Latitudinal profiles of the predawn Hf concentration

(02-05.5 hr local time) at 1400 kum. Regioﬁs of geomagneﬁic
longitude are prefixed with A or O to denote the respective
April/May or Ocﬁ/Nov seasonal period. Indivi&ual curves are
referenced to orbital data in Table.l.

Latitudinal profiles of the predawn He+ concentrétion
(02-05.5 hr locél'time) at 1400 kﬁ. ARegions of geomégnetic:
loﬁgitude are prefixéd witﬁ'A or 0 to ﬁenote the réspective
April/Hay or Oct/Nov seasomnal period;‘ Individﬁai curves are
referenced to orbital data in Table 1.

Variations with latitude and 1ongltude.of tﬁe.predéwn 0+
concentration (02-05.5% hr local tlne) at 1400 km. Ind1v1dual
curves are referenced to orbital data in Table l .chioqs of
geomagnetic 1ongitud§ are identified as follous: __, 0° egmlg;
eve., 180° egmlg; ——; At90°; -+--, 6490°. lThe first'threé
regions are referenced to the Aéril/Méy, and fhe.finél to the
Oct/Nov, seasonal period. : .
Latitudinal profiles of the afterﬁédnld+ cpncentrationl
(14-17.5 br local timé) at‘1400 ka. :Régions bf geomaénetic ]

longitude are prefixed with A or 0 to denote the respective

April/May or Oct/Nov seasonal period. Individual curves are

referenced to orbital data in Table 1.

Latitudinal profiles of the afternoon H+ gonéentration
(14-17.5 hr local time) at 1400 km. Regions of geomagnetic
longitude are prefixed with A or O to dcnéte the respective
April/May or Oct/Nov scasonal period. Iﬁdividual curves are

referenced to orbital data in Table 1.
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Fiéure_ﬁ._

Figure 7.

Figure 8.

Figure 9.

- Figure 10,

»

Latitudinal profiles of the afternoon Hé+ concentration

(14 -17.5 hr loeal time) at 1400 km. chions'of gcomagnetic_r
1ongitude are pref:xed vith A or O to denote the respectlve
April/iay or Oct /Nov seasonal period. Individual curves are
referenced to nrbital data in Table 1. ‘

Comparison of the afternnon {(14-17.5 hr incal time) relative
concentrations of the magor ions at 1&00 km in different

1ong1tudc regions. The A and O prefixes to the geomagnetic

 Jongitude regions refer ta the Aprxl/May and Oct/nov scasonal

periods, respectivcly Satelllte ‘orbits are representative

of those illustrated in Flgures 4, 5, and 6, and are.refer~
enced to orbital data in Table 1.

Contrasting types of afnernoon (14-17.5 hr lncal nlme) con~
centrntlon profiles for O+ and He at 1400 km obferVEd in the
geomaghetic 1ongntude sector cqu;valent to 180° (Aprllfﬂay) Prn—
files are categorized as S- or E- type to indlcate 51m11ar1tles
to data at A+O° or A490°,‘respect1vely, in Figures 4 and 6
Yndividual curves are referenced to orbltal data in Téble 1,
Contrasting types of afternoon ion profiles (14-15 hr local timé)
at 1400 km observed on successive satellité ornits in the geo-
magnetic longitude sector EQuivalnnt to 180“(npril/ﬁay). The
snlid and dashed curves reflect the S— and E- types of behavior,
respectively, as {1lustrated in Figure 8, nnd-are referenced

to orbital data in Table 1.

Contrasting types of afternoon’ ion profiles (14 5-15.2-hr local
time) at 1400 km ochrvcd about a week apart near a sLlccted

1ongitudc in the geomagnetle lonfitudc sector equivnlonL to
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(Figure 10. ) 180° (April/May). The solid and dashed curves reflect the

Figure 11.

Figure 12,

S~ and E- types of bchavior, respcctively, as illustrated in
Figure 8, and are referenced to orbital data iIn Table 1.

Effect of the solar declination angle on the nature of the

" afternoon ionosphere at 1400 km in the geomagnetic longitude

sector equivalent to 180° (April/May), i.e., near 180° effective
geomagnetic longitude, Data p01nts representcd by ¢ and Q)are
supported by profiles in Figure 8, with orbltal data in Table 1.
Special geometry for the geomagnetlc dlpole Equator and the
solar ecliptic plane durlng the seasonal perlods of the rcported
observations, When y 4 9 o? the solar ecllptic becomes a plane
of symmetry for the northern and southern geomagnetlc hemis-

pheres near 180° (April/May) at local )
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CTABLE 1. 1S1S-11 Satellite Orbit Parameters

(Continued on

following page)

2769

32

Code Day, 1971 Local Time,* Orbit k k (-12)T Geomagnctic Egmlg,§%
Hr:Min P P Dipole - deg
' LOngitude,i* '
deg
A+104 26 April 05:00 316 1- - 1= +104 : :
A-156 26 April 05:00 325 lo 2+ -156 ~156
At6l 30 April 04:50 368 3~ 4 +61
M+76 & May 04:30 418 3+ 4— +76
M-6 9 Hay 04:00 484 2+ 3o -6 ~6
M-150 9 May 04:00 490 3- 3- . =150 =150
M+98 10 May 04:00 493 4~ [ - 498 )
M-16 10 May 04:00 497 2- 4- -16 -16
O+55 19 Oct 03:50 2547 O+ lo +55 ,
0-3 158 Oct 03:50 2549 1- lo -3 +177
- 0+9¢ 23 Oct 03:30 2596 O+ 30 +99
o+71 23 Oct 03:30 2597 ot 3o +71
0+64 26 Oct 03:20 2635 Oo .20 +64
O+7 26 Oct 03:20 2637 " Qo 20 “+7 -173
©0-159 31 Oct 03:00 2706 20 20 -159 +21
N+102 5 Nov 02:30 2760 ‘1o 2- +102
N+75 5 -Nov 02:30 2761 lo 2- - +75
N-13 5 Nov 02:30 2764 lo 2~ ~13 +167
A+103 23 April 17:20 285 2~ 3o +103
A+75 23 April 17:20 286 2- 3o . +75
At3 27 April 17:00 339 Zo 3- +3 +3
A+170 30 April 16:40 371 1t 4 - +170 - k170
M+75 1 May 16:40 - 387 1+ 3- +75 C
M+70 4 May 16:30 - 425 1o 3+ 470
M+-64 10 May 16:00 501 2- 3+ +64 -
M+5 10 May 16:00 503 2+ . 30 +5 +5
M+167 11 May 15:50 510 o+ 3~ +167 +167
0+80 19 Oct -15:50 2553 O+ 1- £+80
- 0-7 27 Oct 15:10 2656 1~ 1- -7 +173
o+7 31 Oct 15:00 2706 14+ .20 +7 ~173
N~147 2 Nov 14:50 2724 Oo lo =147 +33
N+14 2 Nov 14:50 2731 lo lo +14 -166
N-14 2 Nov 14:50 2732 2~ - 2= ~14 +166
N-6 4 Nov 14:30 2757 2- 2= " -6 +174
R+97 5 Nov 14:30 2766 2~ 2- +97
N+11 5 Nov 14:30 lo 2- +11
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TABLE 1. (Continued) ISIS-IL Satellite Orbit Parameters

Code Day, 1971 Local Time,* Orbit k k (—12}1 Geomagnetic Egmlg,5%
' ' Hr:iMin P Dipole deg
S Longitude, i*
deg
N+18 7 Nov 14:20 2794 1+ 3+ +18 - =162
N-10 7 Nov 14:20 2795 Do 3~ -10 +170
N-150 10 Xov - 14:10 2825 1+ 1+ «150' +30
N+100 10 Nov 14:10 2829 Ot 1+ +100
N+72 10 Nov 14:10 A 2831 1- 1+ +72
N+15 © 10 Nov 14:10 2832 - 2- 2- +15 - =165
+167

R-13 10 Nov 14:10 . 2833 20 . 20 ~13

* These parameters refer to the satellite crossing of the dip equator.
4+ The naximum value of kp durlng the previous .2 hours.
i As measured from the geodetic meridian through the north geomagnetlc pole

.5 The "effective" geomagnetic longltude for data near 0° and 180° geomagnetlc
longitude, as would corre5pond to the April-May segsontl perlod
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Initial Ton Composition Results From the Isis 2 Satcllite

J. H. Horrvaxn, W, H, Donsowr, C. R, LippincorT, asn H. D, HamMack
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Isis 2 satellile varried. among other ionospheric instruments, an ion mass spectrometer designed to
mcasure the composition of the tonosphcre in the mass cange 1-64 amu. The satedlite, ina nearly conszant
HO0-km orbit, was launched on April 1, 1971, Examples of data show o wide variation in ion composition
from 99% H* at night near the equater Lo preater than 45507 {and N*)in the daytime poleward of the
plusmapause. Both 117 and He® are observed e be streaming outward from the high-Litude regians with

~elocities of several kilometers per second (ihe polar wind g deterssined from phase shifts in roll mpdulba-
Gon maximums between light and heavy ton spectes, Duting the Auprust 1972 magnctic storne o unique
ionosphere developed consisting of N* us the dominant species betv --n 559 and $0° kavariant latitude
{ubove the plasmapuusey and N5, NO*, and ©,0 at the 10%cm =2 voncentration level, whereas these

molecutar species are vsually below the detectian limit ol 1 fon cm™”

The Isis 2 satellite, lavnched on April 1, 1971, into an 88.1°
prograde orbit with apogee and perigee of 1440 and 1360 km),
respectively, carried a number ol ionospheric sensors including
an ion muss spectrometer, This instrument, 2 magnetic deflee-
tion mass spectrometer, was designed to identily and measure
the concentration of the positive iens in the carth’s upper al-
mospizere in the muss range 1-64 amu. Operation has been
continuous with a 30% duty cycle for the past 2 years.

Large variations in 1on composition are observed even at the
constant altitude of 1400 kin, Phase shifts belween H and O
roll modulation maximums, which indicate regions where
polar wind particles are flowing, are a regular feature of both
northern and southern high-latitude areas. Data taken during
the large magnelic storm of Auvgust 1972 indicate large
changes in jon composition, the molecular fon species playing
an important role,

In this paper, discussion will center on a briel description of
the instrument, in-flight calibration procedures, and
preliminary data related to the scientific problems mentienced
above. The paper is desipned as an introduction w the rather
lurge gquantity of datu accumulated from this instrument,
which will be presented in more detail in forthcoming papuers,

INSTRUMENT DESCRIPTION

The fon mass spectrometer consisis of an entrance aperture,
mapgnelic mass analvzer, and ion detection syvstem as showwn in
Figure 1. The entrance aperture, a 7.6-cm-diameter ‘screen
mounted Nush with the spacecruft surfuce, is oriented to ook
radially outwurd from the spacecraft, Ambient ions are
attracted to the sereen by a —6-V potential on the sereen and
by the usually negative satellite potential.

There are 1wo buasic vrientation modes of the spacecraft,
cartwheel and orbit-aligned. In the fermer the spin axis is nor-
mal to the arbil plane, this orientation allowing the spaceeraft
to roll (or skid} along the orbit such that the entrunce aperture
points alternately i the ram and wake directions. n the fatter
the spin axis lies in the orbital plane. The satellite velocity,
which is farge in comparison with ion thermal velocities (ex-
cept for H7), penerates an ion flux toward the satellite in the
reference frame in which the satellite is at rest, Since the por-
tion of this ux that passes into the muss spectronteter is a
strong function ot angle of attack ol the eatrunce aperture, the
spinning motion of the spacecralt produces data that are roll-
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in quict times at this altitude.

modulated, the modulation amplitude {ram to wake ion
current ratio) being strongly mass dependent, Valid ion con-
centration data are obtained only when the angle of attack is
near zero, the ram condition. The orbit-aligned casc produces
a favorable angle of uttack only at 2 points along the orbit, the
positions depending on the declination of the spin axis, For
this reason, data presented hercin have been taken only when
the satellite is in cartwheel mode, in which the satellite was
operated about 0% of the tme.

lons that pass threugh the entrance screen are acceleraied
throupgh a narrow slit {the object slit), collimated inle a beam,
and passed throuph the magnetic anulyzer. Two allowable ion
trajectories, 1.8- and 5.1-cm radii, through the magnetic field
fead to two collector slits positioned such that ions of mass
ratio 1-8 cun simoltuncously reach the slits, The mass spec-
trum is scanned by varying the ion accelerating voltage, which
has u repetitive exponentially decaying wave Torm with a I-s
period, over (he range from 2000 to 250 V. This causces the
mass ranges 1-8 and 8-64 amu to be swept simultancously
across the collector slits once each second.

lons traversing cach collector slit are detected by a magnctic
strip electron multiptier (Bendix M3105), used as a current
amplificr, and a logarithmic clectrometer amplitier, one for
cach mass range, The dynasmic range of cach log amplitier is 2
X107 to 1 K 107 A, preducing anr oulput wvoltage
range from 0.2 o 5.0 V. Scositivity of the instrument
in flight s a few tenths of an jon per cubic centimeter.
this very high sensitivity being duc in part to the rupid mation
of the satellite through the ionospheric medivm.

The signals from cuch log amplifier are digitized 10 8-bit
words and fed into *peak’ circuits that detect the mass spectirul
peak amplitodes by a Jogic process involving peak location
and amplitude gveraging. The peak eireuit is & unigue featere
of this instrument. Tt searches the output data from the Jog
amplifiers for bona tide peaks (noise spikes are rejected) and
determines  the amplitude of euch. Subsequently, these
amplitudes are stored in bufler registers until they are sampled
by the telenetry system, Since onfy the pesk amplitudes are
transmitted, a relatively small bandwidth suffices to read out
(e dati. By using this technigoe the shory sweep lime of | s
can be uwlilized effectively to produce 15-20 data points for
each speciral peak for cach’satellite roll period {depending on
spin ratep, This data cate is suflicient to deline the rolt modula-
tion curve for vach fon species adequately. The position of
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Fig. 1. 1sis 2 jon mass specirometer showing principal parts of in-
strinment and major efectronic assemblies. Use of wo detector
channels permits simullaneous scanning of two parts of mass spec-
trum, making it possible for the entite mass range from 110 64 amu to

© . besweptin | s. The instrument is packaged in a rectangular hox 15 X

12,5 > 33 om, weighing 6.1 kg and mounted behind an equatorial
panel of ihe spacecraft to look rudiully outward.

each ion peak in the telemetry format determines its mass
nurber, _

A backup diagnostic mode, czled the analog made, is
available in which the spectrul scan time is increased to § s, the
peak circuits are disubled, and the entire mass spectrum is
telemetered. This mode is used once each week for 2 min to
monitor instrument operation via a quick look data handiing
process. :

INSTRUMENT CALIBRATION

An icn mass spectrometer measures relative abundances of
the ions sampled from the ionosphere but ¢an be calibrated to
give absolute ion concentrations, Several factors cause the
spectrometer lo discriminate against ions of heavy mass. First,
the instrument scans the mass spectrum by varying the ion
accclerating voltage in an exponential manncr from 2000 to
250 V. Lower mass ions sre measured ncar the high voliage
end of the sweep where the instrument has a higher transmis-
sion factor than at the tow voltuge, high mass cnd. This
phenomenon is known as the voltage effect. Sccond, light mass
ions, being more mobile than Teavy mass ions, are collected
from a lirger volume. Hence a lacger light mass fon current is
reasured for equal concentrations of light und heavy muss
ons. '

The only practical methiod of calibration of an ion mass
spectromcter is an in-fliphte procedure [Hoffnan, 1969:
Hoffman et al., 1973] in which the sumpling efficiency of the
various fon specics from the plasma was done by comparing
the totad fon current (the sum of all the peaks) with cleciron
density data from the ionograms produced from the seunder
experiment on board Isis 2 (). Whitcker, private communic-
tion, 1973). Comparisons were first made in regions where the
ionosphere consisted of greater than 95% ' jons (the
remainder being mainly He' and DY), Thus a dircet calibra-
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tion of the absolute sensitivity of the mass spectrometer (o H*
was obtlained. Next, a similur calibration was made for Q* by
using ionospheric regions that were greater than 905 O*. In
this case the calibration for H* was incorporated into the
calculation. The He* calibrution had been inferred [rom the
above, but recently, a region of He* dominance was ideatificd
and a direct He* calibration obtained. From the 3 point
calibration the sensitivity fuclors for the minor ions were ob-
tained. :

A typical example of the result of this in-flight calibration
procedure is shown in Figure 2. In pass 339 the ion composi-
tion changes from predominantly O* to H* at —5° and back

10 O° at —45° latitude. In pass 345 the composition chunges

from predominantly H* below to O* zbove 55° latitude.
Figure 6 shows the detailed composition of this pass. Apree-
ment between the total 1on concentration N, as determined by
the sum of the individual ion specics concentrations, and the
electron density is generally better than 20% regardless of
which icn is the dominant species except perhaps in highly
structured regions,

The mass spectrometer measures the ionospheric
parameters in the immediate vicinity of the spacecraft, That is,
it can only detect those ions that arrive at the instrument en-
trance aperture, whereas the sounder electron density
measurement is an inlegral result of the electron density near
the spacecraft. In highly structured regions these two may not
always track. In addition, the calibration coefficients (sen-
sitivity factors), which are determined by this comparison
process, are thought to be somewhat dependent on total ion

‘density and composition, ioen temperature, and spacecraft

potential Parker and Whipple, 1970; Whipple et al., 1974).
Nevertheless, these effects seem to be sufficiently smull 1o
enable the mass spectromceter to produce ion concentration
meuasurenents to better than 20% uwccuracy as compured with
simultancous electron concentration data, such as those ob-
tained from the tap side sounder.

REsSULTS

lon composition data are available in two basic formats,
both reproduced on microfilm. Ton peak amplitudes, identified
by mass number and converted to concentrations, are plotted
as a function of time, ephemeris data being listed along the
abscissa, Figure 3 is an example of such a plot showing only
O*, He~, and H* for clarity. All the ion speeies normally
appear on this type of plol. The data clearly show the roli

-modulation cffect of a spinning sutellite. IT ail the ion specics

have merely thermal velocities, the roll modulation maxiniums
will be coincident in time and coincide with the ram direction
(zeto angle of attack). See cosine curve in Figure 3. However,
if one ion specics velocity contains a bulk motion term, its
maxtmum will'be shifted away from ram in the direction of the
resultant between the satellite velocity and bulk velocity vee-
tors. By observing the magnitude of this phuse shift :nd know-
ing the satellite velocity. the bulk velocity can be ealeuluted.
Polar wind velocities are cusily measured by this precess. In
the example of Figure 3 the H* velocity is 4.2 km 72, and the
H* flux is 1.3 X 10% jgps cm~?% s~t, ‘

The He* also frequently exhibits a phase shift with respect
to O~ and the ram direction with a mugnitude usnally ubout
one haif that of H*. In the present example the Het vedoaity
and flux are 2 km s="and 9 X 10% jons em™ 57Y, respectively.

The H* wake enhancement is g commontly observed -
phenomenon, bul its origin has not been studied in detail, A
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ln ﬂaghl callbm!ron result showing comparison of total ion compcsmon and clectron density from on- board top

snde sounder. Agreement is generzlly better than 10%. In pass 339 the jon composition is predominantly H* between —5°
and —45° tatitude and O* both farther northward and southward. Composition changes from dominantly H= below to O

above 55° fatitude in pass. 345,

numbet of satellite wake studics have been conducled but
these are mainly theoretical, and very little comparison
between theory and experiment has been done [Samir and
Jew, 1972]. From the data exhibited here, it appears that the
light ions are capable of reaching the instrument when it is
pomtmg in the wake, as has been shown by Samir et al. [1973],
and in certain preferred directions (not exactly in the wake)
there appears to be a chanoel through which ilons are more
readily imnsportcd to the instrument.

Roll modulation maximums plotted as a function of dip
latitude, other ephemeris data being listed along the ubscissa,
produce a pole-to-pole plot, such as Figure 4. This is primarily
a daytime (late afternoon) ionosphere showing both winter in
the southern hemisphere and summer in the northern
hemisphere at the essentially constant satellite altitude of 1400
km. The constancy of the Isis 2 orbit is a great advantage in
presenting such data because latitudinal and iocal time
variations can be studied without the usual complications in-
troduced by simultaneous alitude changes, In this case the
satellite is in sunlight, but at —45° dip latitude the satellite
crosses the terniinator passing into a region where a part of the
jonosphere below the spacecraflt is in darkness. The O* is the
- dominant species in the summer day above +20° dip latitude,
and its concentration rewmnains very flat all the way Lo the pole,
showing no evidence of 4 high-latitude trough. The H*,
although it is dominant at the equator, deereases gradualty un-
til 45°N, where a steep negative pradient, indicative of the
plasmapause, is observed. 1t then remains fairly flut out 1o the
pole at a level a factor 0f:30-40 below the O*. The He™ tends
1o follow H* al about I order of magnitude lower, showing the
plasmapause gradient and equatorial bulge. The behavior of
O* and He* in the eguatorizl to mid-fatitude region is
longitude dependent, as is discussed by Brefg and Heflman
{1974]). In Figure 4 the absence of an equatorial trough is
typical of the +90° longitude case discussed in the reference.

In the southern hemisphere, H* is the dominant ion from
thé cquatorial maximum to —40°%, where O exhibits a small
enhancement centered about —42°, The He* tends to {ollow
H* until ~30°, where its rate of decrease is less, with the result
that He' becemes the dominant ion speeies between —50° and
--58°, albeit, at a cancentration of fess than 300 em~?. (The
He* region is not always present.) The sharp trough at —50% in
all ion species is coincident with an upward flow of H* of 2 kin
s=! (polar wind), although the flux at this point is very low ow-
ing to the low H* concentration. Farther poleward, O* again
becomes the dominant species.

The details of the winter polar regian are sho“n in Figure 5.
The left-hand side of the plot is an extension of Figurs 4 show-
ing the O* peak at —42°, the region of He* dominance, and
the O peak at —66°, This peak is a consequence of the polar
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wind, which establishes a parallel electric ficld along open
magnetic field lines that increases the scale height of the
ionosphere, The light ions have largely been depleted by the
flow, and thus O is being left as the dominant species. The
winter polar cap region is gencrally characlerized by a very low
jonic concentration, as it is in darkness, and po source of
photoionization is present there. Toward the night side the
patlern is essentially repeated except that the O concentration

. becomes very low toward mid-latitede owing to the lower

nighttime jon temperature.
Figure 6, a nighttime (0500) pole-to-pole pass « few dd)s
earlter than the passes in Figures 4 and 5, shows H* to be the

* dominant constituent between £45°, A steep gradient in H¥,

indicative of the plasmapausc, occurs at £50°, [ollowed by a
trough with Q% deminance poleward that is fairly flat in the
summer but has considerable structure in the winter (Figure
5). These gre apain the regions of polar wind flow, Concen-
trations of H* are down by a factor of 100 above the
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daytime, an extension of Figure 4 {0400 L7F), and Lo (e right is night-
time {0400 L7, Large O peak a1t ~62° (night) identifics repion of
pular wind activity.

plasmapauses. The He* exhibits a marked dip at the equator,
with mid-latitude peaks just equatorward of the plasmapuuse
and a very steep pradient at the plasmapause. Farther
poleward, the concentration is less than 10 ions em~%
However, the He* behavior is quite longilude dependent
[Breig and Hoffinan, 1974], the equatorial dip being especially
pronounced near 0°, the longitude of the data in Figure 6. The
O* appears to be antico:related with He* at the equator und
mid-latitudes and exhibits a steep positive gradient at lhe light
ion plasmuapause before becoming the dominant specics
toward the poles. The polar cavity that exists in the winter
appears (o be filled with principally O* ions in summer.

Taylor [1972]) and Clandra [1974] have shown dats from
Ogo 4 and 6 ion mass specirometers that conlirm the Het und
O nighttime distributions shown here. Chandra reliates the
behaviar of these distributions to the gcom:wnc‘.ic anomaty,
the electrodynamic lifting of ionization in the equatorial
region, and its subsequent diffusion along the field lines. As the
spacecraft cuts across field lines, the observed ion congentra-
tion distribution reflects the vertical profile of cach constituent
at the equator.

Generally, O** follows O* at a concentration level 100200

times lower in summer daytime but approaches the Q' value

in the winter trough, In the nighttime mid-latitude regions
whefe O is less than £0 jons em~*, O** lies within a fuctor of
3 of O, especially in the summer. At higher latitudes where
Q* becomes deminant, the nighttime ratio returns to the order
of 100.

The N* jons scem to track O* rather consistently at roughly
! order of magnitude lower concentration except al mid- 1o
low-latitude davtime (Figure 4), where the O*/N* ratio is
more like 20, and at night {Figure 6), where on cach side of the
equatorial O* maximum the ratio is as low as 3, However, ol
these exceptional times the N* concentration is of the order of
5 ions cmi”Y, making the unpcertainty in the measurcments

- greater but still probably less than 50%,

The trucking of N* with O* is typical of all quict time
ionospheres, However, during the greatly disturbed time of the
August 1972 magnetic storm at about 1700 LT, August 4, N*
becomes the dominunt ton, excecding OF, from 55% invariam
lathiude toward the pole, as is shown in Figure 7. During this
time the 3-hour Ap index was 9. At the same time the three
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molccular ion species, N;*, NO*, and Q,*, are observed for
the first time at 1400 kin. Under normal conditions they are
below the delection limit, | ion cm~?, of the instrument.
Concentrations in the 10%-cm-® range are therefore highly un-

~usual, as is the N,* dominance over the other molecular

species, In the normal £ znd F regions, Nyt is a very minor
species compared with NO* ‘and O,* becausc N,* ions,
although, they are formed by photoionization in the 150- to
200-km range, rapidly chafpe exchange with O and O, forming
NO™* and O,*. - :

Data from the Esro 4 mass spectrometer [Prilss and von
Zahn, 1974) have shown a marked decrease in the neutral
O/N, ratio and & carresponding enhancement of neutral I, ag
refatively high altitudes during the large magnetic storm (Kp =
7+) of February 21, 1973, (No ncutral composition data are
available for the August 1972 storm.) The excess high-altitede
N, is ionized, but becanse neutral gas concentrations (O and

Q,) above 300 km arc rauch less than in the 1530- to 200-km’

range, the charge exchange reactions cannot proceed as
rapidly, and thus much of the ionization is being left in the
form N,*. The high molecular ion concentrations are further
supporied by the high ion temperature, approximately 4000 K,
measured during this phase of the storn (E. Maier, private
communication, 1973). Taylor [1973] observed from the Ogo 6
sateflite a large cnhancement of NO* during theé storm of
March 8, 1970, at an allitude of 400-800 km (it is not clear
from the reference that Nyt and Ou* are atso enhanced at this
time). In that case, OF remained the dominant species instead
of N*, possibly because Taylor’s measurements were at a
fower altitude or because the magnitude of the 1970 storm may

* have been less than that of the 1972 storm. Simultancous

measurcments from ‘the Ogo 6 neutral mass spectromeler
showed an N, enhancement confirming the Esro 4 resulls.

© Esscntially all of the region at 1400 km where molecular ions
are important lies above the plusmapause, located by a steep
negative gradient in H*, which in this case occurred at 53° in-
variant latitude (L = 3).5Brace et al. [1974] have shown that
during various phases of the development of the storm the
plasmapause wus depressed as far south us L = 1.9 The H*
concentration remains rather low (<10 cm ™%} throughout the
polar region but begins an upward trend toward the night side
of the polar cap, where the melecolar species arc rapidly dis-
appearing.

CoNCLUSION

The ton mass spectromeler on the Isis 2 spacecraft identifies
and messures the concentration of the posilive ion con-
stituents of the ionosphere. Examples of the data show a wide
variaiion in the composition of the {onosphere at the nearly
constar! altitude of 1400 km from 99% H* al night near the
equator to greater than 95% O7 (and N*) ia the daytime
poleward of the plasmapause. One of the advantages of the Isis
2 orbit is that owing lo its constant altitude, laiitudinal and
local time variations may be investigated without the usual
complexity introduced by corresponding alitude changes. The
summer polar region (postplasmapause) is generally filled with
0O*, beth day and night, whereas the winter pote exhibils a
deep cavity nearly void of ionization with shurp erthancements
of O* just poleward of the plasmapause. Phase shifl
measurements between the roll modulation maximums of the
Hght and heavy ion species provide particle velocitics that are
applicable to studies of the polar wind phencmenon, which is
the subject of a forthcoming paper [cf. Haffinan, 1974].

The large magnetic storm in August 1972 produced 2 unique
ionosphere at 1400 km, N* being the dominant species and
Nz, NO*, and O;* having concentrations in the 10%-cm™?
range. The region of interest lies poleward of the plasmapause,
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which is highly depressed in latitude during the storm. Neutral
mass spectrometer data during & similar storm period in
February 1973 show an N enhanvement at relatively high
altitude, which could be the source of the N* and Ny*.
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Regions of Polar Wind Flow
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In many regions of the ionesphere the distribution functions of the particles are highly time dependent
because of the variztion in encrgy deposition and particle tonization rates. Al present, it is recognized
that the electrons, the ions, and the neutral gases exist at three generally distinct temperatures that ap-
proach onc another at fow allitudes, where 1he mutual collision frequencies are suflicizntly high, In the
high-latitude repion, and especially at higher altitudes, a greater deviation fron: eguilibrium is expected
as a consequence of the complex flow patterns of ionization, dewnward energy conduction, and mass
Row. In this work we begin a study of deviations from thermal equilibrium among the ions by con-
sidering that the 'light” ions H* and He* mav be at a different temperature from the ‘heavy’ ion OF.
Further, we study in particular the case in which thermal protans are chserved Lo be flowing relative to
the assumed static ambient oxygen ions. The proton flow is assumed 1o be along the direction of the
magnetic field. Of the cases tested, it is found that the measured proloa temperature is from | to [0 times
the measured oxygen ion temperature. Such temperature enhancements may be expected both becduse of
the energy transfer associated with the ion flow and as a consequence of the preferentia! energy coupling

from the light ion distribution in the exosphere.

The general problem of defining in detail the distribution

functions of the many species of particles present in the

ionosphere is exceeding!y complex. In the low-altitude region,
where collision frequencies are sufficiently high, the kinetic
contact between the various species insures that a state of
thermat equilibrium obtains. As parlicle density decreases
with altitude, however, the situation becomes morecomplex. In
addition to simple kinetic elastic collisions the various species
enter into particular reactions and encrey exchange processes
with the particles and f{ields that are present, Such a situation

is essentially nonequilibrium in nature as a result of the'

varicly of the final states of particles after their chemical or

field interaction. A further condition contributing to the non-

equilibrium nature of the situation is that the system is time

dependent on a scale comparable to, or more rapid than, the

time for complete relaxation to a final siate.

A varicty of faclors contribute ta the time variation of the
system. The salar and particle ienizations, which are the basic
production mechanisms for the lonic spectes. are highly time
dependent, especially at high Iatitudes, where energy deposi-

tion can be extremely localized. The coupling between the

fonosphere and the plasmasphere-magnetosphere system s
both time and peomagnetic activity dependent. Finally, there
are cnergy exchanges associated with dynamic processes: Ex-
amples of these are neutral wind ion drag, pelar wind ion
flow, and ion plasma expansion, Uhtimately, it is the ratio
between the thermalization time (the collision tirc between

" identical or noninteracting particles) and the ‘excitation’ time

(the time between interactions with other particies or the time
to exchange energy to a local field) that determines the degree
of relaxation toward thermal equilibrium, It has generalty
been considered that the particle distributions in the
ionosphere cun be deseribed by three temperatures: 7., the
electron temperature; 75, the ion lemperature; and 75, the
neuteal gas temperature. In this paper we report inttial obser:

Copyright ® 1974 by the Ameeican Geophysical Union.

valions of deviation from simple Maxwell-Boltzmann
equilibrium of the thermal ions in regions of the ionosphere
having a polar wind flow of light fons (hydrogen and helivm)
through an assumed static distribution of oxygen ions.

ExPrRRIMENTAL CONSIDERATIONS

Two experiments on the Isis 2 spacecralt were used to
define the velocity distribution of the jons, The planar retard-
ing potential analyzer (RPA) was used to measure the com-
ponent of ion flux into the instrument in the 0- to 10-e¥ energy
range. The ton mass spectrometer (IMS) data were used 1o
define the existence of a flow of the light jons with respect to
the heavy ions and thus to determine the mean velocity of the
light fons. Here the scan over velocity direction was made by
the rotation of the spacecraft about its spin axis.

The experiment confliguration is flustrated in Figure 1. In
one mode of operation, the ‘cartwheel’ mode, the spacecraft
spin axis is perpendicular to the spaceeraft orbital plane. Thus
alt experiments mounted on the spacecrafl equatarial ptane

- sumple particle fluxes from all directions in the spuceeraft or-

bital plane once per spacecraft roiation. These ion fluxes have
as one velocity component the 'ram’ flow proportional to the
7-km s spucceraft velocity. As is indicated in the figure, the
instruments view first along the spacecraft velocity vector and
then. a fraction of a spacceralt rotation later, along the direc-
tion of the carth’s magnetic Neld fucing downward. IT there
exists a bulk flow of ane spedies of ion up the magnetic field.
the refative direstion with respect to the spacecraft will be as
indicated in the insert to Figure b, A typical ‘spin’ modulintion
curve obtained from the IMS in a region wilth an observed
difference between the upparent light ion flow and the heavy
ion flow is shown in Fipure 2. In this example, the instrument
observed s maximum proton flux about 2 5 hefore it abserved
a maximum O flux. For the 18-s spacecraft spin period this
observation implies an apparent difference in dircction of 40°,
It is assumed that the apparent OF Aow is only the ram fow
resulting from the spaceeralt motion. The HY flow is taken to
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INSTANTANEQUS INSTRUMENT
VIEWING DIRECTION
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1400 km

Vg &7 km/s

Fip. 1. Diazram of the 1sis 2 spacecraft orbital situation for flaw
observations in the high-tatitude region. The insert llustrates the
direction of the hydrogen flow wvector in the spacecraft reference
frame.

consist of a component from spacecraft moticn and a compo-
nent from a flow along the ambicnt magnetic field in an
earth-fised reference frame. With these assumptions, the H*
velocity can be computed. For the cases discussed in this
work, it is gencrally in the range 4-10 km/s. This procedure
for identification of polar wind light ion flow has been dis-
cussed by Hoffinan [1970]. i
Given the hydrogen ion mean flow velocity vector as
defined by the IMS, and considering the ambient oxygen ions
to be corotating with the earth, the RPA data are then used to
definc the ion energy distribution. We perform a least squares
fit 10 a slightly modified form of the standard B hipple, 1959]

" RPA response function. In carrying out the summation over

the current components due to the three species H¥, He*, and
O the hydrogen and helium are considered to be incident at a
velocity ¥y, and temperature Ty different from the velocity ¥,
and temperature T, of the oxygen. Bath ¥y and ¥, arcknown
functions of time as the spacecraft rotates about its spin axis.
The two temperatures, the corresponding densilies, the
‘backpground’ flux of suprathermal clectrons, and the
spaceerafll potential were the parameters to be determined.

Recent work has shown the existence of casi-west directed
fiows of 1-2 kri/s at high latitude [e.g., Cauffimmi and Gurnett,
1971; Heppuer et al., 1971 Banks et al., 1973]. Since these
flows are nearly transverse to the Tsis 2 polar orbit, their pro-
jection into the arbit planc is nearly zero, and the instruments
scanning in the orbit plane to sample vertical flows will not be
sensitive to their presence. This result {s confirmed by the
agreement in time in Figure 2 between (he muximums of the

oxypen peaks and the maximums of the cosine of the angle .

between the sensor direction and the spacecraflt veloeity direc-
tion. An additional fact that minimizes the effect of the
transverse flows is that their moderate velocity is significantly
roton flow
velocity. A 1-km/s transverse velocity would lead to un error
of sboul 8° in the assumed direction of flow of the ambient
jons. This error propagates into the temperature detennination
for both species approximately as the cos® (8°) as a resudt,
there is a negligible change in the inferred lemperatures.
An example of RPA data for one of the cuses of polur wind
obseevation is shown in Figure 3. The data points shown, con-
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stituting onc /- ¥ curve, were obtained in | 5. Since only data
obtained when the instrument is pointed within about 45° of
the flow direction can be used, and since the instrument has
several sequential modes of operation, only one or {wo useful
-V curves are oblained during cach spin period. The elec-
trostatic retardation of the light ions and thus the observation
of their energy distribution occur primarily in the encrgy
range 0-2 eV. The oxygen ions are retarded primarily in the
energy range 3-5 ¢V, In the example shown, thercis a signifi-
cant percentage of light ions present, and a good deter-
mination of bath of the temperatures. can be obtained. There is
an experimental difficulty as the percentage of either of the
species drops below about 5%. This is illustrated by the solid
line in the figure, which is the curve for the oxygen component
of the plasma. The contribution of the light iens to the total
current is the difference between the total current (dots) and
the oxygen component (solid curve). As the percentage of
light jons decreases, the two curves approach each other, and
their difference is determined less accurately, Ultimately, for a
sufficiently small light ion component the one- and two-
component response functions fall within the resolution limit
of the telemetey system, and separate temperatures cannot be
inferred. Thus the two-lemperature analysis ean only yvield
meaningful resulls where at least several percent of the minor
constituent is prescnt.

For comparison, a number of cases have been analyzed in
which no relative flow of protons was observed. That is, the
amhient ions, both H* and O*, were considered to be incident
on the spacecraft at the negative of the spacecralt velocity,
and they were assumed to be at different temperatuses, For
these cases, the 1wo species are ofien in thermal equitibrium,
bul there are also instances of nonequilibrium. The gencral
problem of differential jon temperatures, or other deviations
from thermal equilibrivm [e.p.. Cole. 1971 Schunk and
Walker, 1972], will be considered separately.

RESULTS AND DISCUSSION

Only a simall number of spacecraft passes have thus far
heen identified for which both the angle of flow and the two
temperatures can be determined. The results for these passes

. are listed in Table 1 along with appropriate spacecraft arbital

information. One of the passes (2151 on April 27, 1971} is at
the plasmapause, All other passes are substantially poleward
of the plasmapause in a very broad region of upward light jon

7 HOV. 1971, C6:41:30, 76" MAG. LAT.
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Fig. 2. The IMS O and H* response in the jon flaw region. The

cosine function at the top is af the angle @ hetween the instrument
sensing direction and the spacéeraft velocity. The V's, denating the
closest approach to the ram direetion, are seen to align well with the
marimums of the OF fux. The BT+ peaks, beneath the arrows, occur
earlier in timie than the OF peaks; thus a dilferent direction of ap-
parent flow is indicated,
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Fig. 3. The RPA integral ion energy spectrum sample illustrating
the two regions of the instrument response in which one can oblain
.good measurements of the energy distributions of the light and heavy
ton companents of the plasma.

flow. In addition to the temporat and spatial variations pres-
_ent, it is clear that the hydrogen ions are almost always at a
significantly higher temperature than the O* ions. The ratio
. of T/ T, varics from about unity to.almost 10; it is. generally
in the runge from 1.3 1o 2.
Banks [1973] has presented a treatment whereby he obtains
a limit an the deviation between the temperature of the major
constitvent and the temperature of the minor constituent in a
region where the Hght minor ion is flowing through a static
major ion distribution. He considers the energy balance and
finds that, for the idealized case, the ‘source’ of cahanced
energy for the light minor ions is the occurrence of collisions

with the major ions through which the H* is flowing. These
collisions provide a mechanism that couples the flow energy of
the TH (of order 1/2 mV®) to the thermal cnergy of the H*
{of order 3/2 AT,

As aconsequence of the low clectron to proton mass ratio,
the momentum c¢xchange with the ambient electrons (which
are as numerous as the OF ions) is not significant, The elec-
tron energy itself is not increased noticeably, since the elec-
tron thermal velocily is much greater than the sum of by, and
the proten thermal velocity. Conversely, the protons are
themselves not significantly affected by their collisions with
ihe electrons. _

A more complete solution 1o this problem would mvolve
simuftaneous solution of the continuity and momenium
cqualions with the H*, O+, and electrons posiu]atéd to have

- dillerent teraperatures,

CONCLUSIONS

Observations from the Isis 2 spaccerafi have established
that the hydrogen ions, in the region of polar wind flow, arc at
a substantiully higher temperature than the predominant ox-
ygen ions, These observations were made at an altitude of
1400 km, essentially within the region of transition from a
‘collision dominated’ to a collisioniess mediom. The thermal
energy enhancement of the hydrogen ions is roughly con-
sistent with atransfer of asignificant fraction of their observed
bulk flow energy into thermal mtation,

Itis elear that the general problem of the existence of a non-
equitibrium distribution function for the ions is of great
significance. The polar wind cuse discussed here is but one ex-
ample of the clzss of problems in which the transition from
the ‘ionospheric’ to the ‘plasmaspheric’ domain is the signifi-
cant factor. Other cases, not involving such high-velocity
directed flows, will be considered in the future, For example,
{he ion population in the protonosphere has access, at the
apex of the field line, to energization processes that may
elevale it to a different temperature from that of cither the
electrons or the neutral exosphere. The Tsis 2 spacecraft, in cir-
cular orbit at 1400 km, is at an extremely opportune altitude
to carry out studies yiclding insight into the rather complex

TABLE 1. Results of the Two-Temperature Analysis for the Cases 1dentified Thus Far

Time, Flow H* Veloeity, Latitude, Magnetic Time,
UT  Angle* deg, km/s Tt 7.t [H'] [H.] O] deg Latitade, deg L LT
April 27, 1971
1423 27 3.7 2319 1836 Kry) 3558 -—86.7 —81.1 232 1920
1428 27 37 3096 1829 890 1306 —-71.0 -71.4 L6 0425
2151 40 .8 1250 4350 2200 780 2010 - —66.5 —55.1 32 1712
2151 40 10.8 3882 3075 730 860 1630 —066.5 —55.1 3.2 i712
October 22, 1971
0225 39 6.7 2644 1516 31 35 - 299 70.4 69.3 8.8 0302
0227 39 6.7 9486 [365 53 148 64.5 64.0 56 0308
November 7, 1971
0641 40 6.2 6090 13949 410 843 813 76.7 M7 177
0642 40 6.2 8157 847 150 50 170 g§7.9 79.1 6R.A4 1912
0644 40 6.2 1255 1337 124 103 S 830 851 990 0108

November 14, 1971 .
0147 5 6.1 3362 1787 225 0 422 "61.3 04.3 5.2 0128

* Refers to the spacecraflt rotiion that occurred between obscrvation of the HY flux maximum and the O finy, maximum. N
t The statistical eerars on the lemperatures are such that items 2, 4, and 9 may have 75, consistent with Ty Fur ail the other items, the

temperature difference is mare than 3 standard deviations,
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coupling  between  the lower and

protonosphere.

atrmosphere
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