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Structure and Composition Measurements
in Equatorial lonospheric Bubbles

1. INTRODUCTION

The ion composition inside and outside equatorial depletions has been measured
with satellite retarding potential analyzers and ion mass spectrometers. 1-4 Fe*
ions were found to be either enhanced or depleted within the holes with the molecular
jons (NO') oftentimes more abundant than O' which predominated outside the holes.
Depletions in o* up to 103 have been observed. The bite-outs varied from a few
kilometers to tens of kilometers in width.

The position of the F region ledge was generally unknown during the satellite
measurements. In the equatorial region the ledge altitude could be greater than
450 km during certain times while outside this particular region the ledge could be
at much lower altitudes, This would perhaps explain both the magnitude and shape

(Received for publication 8 July 1980)

1. Hanson, W. B., and Sanatani, S. (1971) Relationship between Fe* ions and
equatorial spread F, J. Geophys. Res. 76:7761.
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nighttime equatorial F-region: Implications for chemistry and dynamics
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4, McClure, J.P., Hanson, W.B,, and Hoffman, J.H. (1977) Plasma bubbles and
irregularities in the equatorial ionosphere, J. Geophvs. Res. 82:2650.
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of some of the meuasured bite-outs, especially those of large scale, and the compo-
sition changes as well.

In order to determine equatorial irregularities processes more clearlv it was
recognized that detailed vertical profiles of the ionospheric plasma purameters
were necded {as well as the satellite measurements), coincident with radar,
ionosonde und neutral wind measurements. Such an effort, designated "PLUMEX"
was conducted by the Defense N.clear Agency.

The PL.UMEX program, designed to measure equatorial ionospheric irregulari-
ties and their effects on communications channels and radar, ‘vas conducted at the
kwajalein Atoll (4, 3°N dip latitude) during July 1979. As part of this effort two
multi-instrumented Terrier Malemute rockets each with a plasma diagnostics
complement of plasma probes, ion mass spectrometer, electric field sensors and
a four-frequency beacon were flown during equatorial spread F events. The first
rocket, PI.LUMEX 1, was launched 17 July (0031:30. 25 local time) and the second,
PLUMEN 2, 23 July (2157:30. 4 local time). In this report we present the results
from the ion mass spectrometer experiments only. e believe that these repre-
sent the first vertical profile measurements of the detailed ion mass composition

and structure in equatorial ionospheric plumes.

2, INSTRUMENTATION AND MEASUREMENT PROGRAM

Figure 1 shows a schematic of the quadrupole ion mass spectrometer. The two
important data outputs of the spectrometer were the total positive ion current
collected on the aperture plate which was essentially a dc probe for ionospheric
structure measurements and the mass spectra output for species composition. The
mass program for the instrument is presented in Figure 2, Five mass numbers
were sampled in sixteen sequences. Each progranimed mass number was measured
for 10 msec so that the total program period was 0. 8 sec covering 80 separate mass
numbers including mass repetitions for altitude resolution, The species ussocioted
with the mass numbers are un‘). 4(Hc+), 14(N+), 165(()‘), contaminants from water
vapor of 1T(OH"), 18(H,07), and 19(H,07), 23 (Na¥), 24-25-26(\g"), 27(\17),
28(Si+), 30(.\'()+), 32(()2+) and 54-36(Fet). The remuining mass numbers werce
sunipled to establish background levels, Between 110 and 588 km, the altitude
resolution of the aperture plate output decreased from 1.5 to 0. 2 m while that for
the tmportant ion species decreased from 150 to 20 m cach varving with the vehicle
velocity which diminished with increasing sltitude.  The instrument was mounted on
the rocket axis at the forward end of the pavload,  The PLUMEN pavload contigura-

tion and flight scenario are described in Figure 3,




-
F L— QUADRUPOLE HOUSING

-15V BIAS Figure 1. Schematic of
RF= 4MHz the Quadrupole Ion Mass
Spectrometer

U

-30V ——--a-—
20 STAGE
MULTI-
PLIER SPECTRA
OUTPUT

MASS PROGRAM

SEQUENCE # MASS # - AMU
1, 1 4 14 16 30
2. 1 4 14 16 32
3. 14 16 28 54 56
4, 1 4 14 16 30
5. 1 4 14 16 32
6. 14 16 28 54 56
7. 1 4 14 16 30
3. 1 4 14 16 32
3. 14 16 28 54 56
10. 1 4 14 16 30
11, 1 4 14 16 32
12 1 4 7 8 56
13 13 14 15 16 17
14 18 19 20 21 22
15, 23 24 25 26 27
16, 28 29 30 3] 32

SAMPLE RATE: 10 ms/amu
PROGRAM TIME: 0.8 seconps

Figure 2. Spectrometer Program for the
Measurement of Selected lon Mass Numbers
at High Spatial Resolution
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Figure 3. PLUMEX Payload Instrumentation and Flight
Functions

3. MEASUREMENTS AND DISCUSSION

3.1 PLUMEX I

Figure 4 shows the altitude versus current profiles of the aperture plate output
(digitized at 2khz and plotted) and the species of O, N+, 02+ and NO* measured on
ascent on PLUMEX 1. The positive spikes on the aperture current below 250 km
and the negative spikes at higher altitudes are due to the nitrogen gas bursts from
the attitude control jets. The rocket penetrated six areas of "bite-outs" in the
F region. In no case was there any evidence of enhanced bottomside ions (NO™,
02+ or meteoric ions). The steep F region ledge was created by O ions which
rose by more than three orders of magnitude over a space of less than 20 km.
Estimated ion densities were about § X 105 ions/cc at the F peak and about

1100 ions/cc below the ledge with an accuracy of roughly a factor of 2,

10
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Figure 4, Ascent Meassurements of PLUMEN 1 Showing the

Vperture Plate, O, N7, NO* and Oy Current Profiles,
Baseline current is 4« 10-11 unips

I'he strongest lonospheric fluctustions with up to 10 percent depletion occurred

between 260 ind 285 ki, An expanded plot of this region is given in Figure 3. Note
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thas the O and N jons generally follow the ionospheric fluctuations as depicted by
the aperture plate current while NO* and (),)+ do not. It can be shown that the NO*

and ()2+ have steady state distributions underthe prevailing ionospheric conditions,
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Iigure 5. An Expanded Plot of the Strongest
Irregularities in the Upleg 265 to 288 km
Region. Note the relatively smooth molecular
ion profiles. Meteoric ions were negligible

Figure 6 depicts the NO* and 02+ chemistry. Since the recombination coeffi-
cients (& 's) and reaction rates (k's) vary mainly with temperature which is rela-
tively constant over the altitude range 250 to 400 km, the NO* and ()2+ concentra-~

tions should be directly proportional to the N2 and O, concentrations respectively,
as long as [( )+] = N,>? ( [NO+] + {()2+] ) The molecular ions can achieve

their steady stute values in a relatively short time. An estimate of this time may
be made by referring to Vigure 5. Assuming first a zero order ionosphere and
then the immediate removal of 90 percent of the plasma (the hole near 273 km)
causing a 90 pcercent depletion in o*, NO' and ()2+. The time required for the
molecular ions to return to their steady-state values by the chemistry in Vigure 6
is approximately 8-9 minutes. Note that this time is not necessarily the age of the
hole since it could have been in steady state longer nor is this time a lower limit on
the hole's age because the hole may not have formed by un abrupt depletion mecha-
nism, However, the NO' and ()2+ distributions do indicate normal, relatively
smooth N2 and ()2 profiles, and this suggests that neutral atmospheric turbulence

is not a major source for bottomside ionospheric plasma irregularvities.

N




NO* and 0,* CHEMISTRY

k K
Production: 0%+ N, —te- NO*+N | 0%40, ~5=0,*+0 . o
ag az Figure 6. F Region
Loss: NO*t+e—= N+0 |0x%o=—=0+0 Chemistry of NO*
and O,*
STEADY STATE and 0* = e

U LU

-k = k2
NO* = 3t Np 02* =32 0,

In Figures 7 and 8 it is shown that the NO? and ()2+ density profiles, und, in
particular, the slopes calculated from N2 and ()2 concentrations taken from the
1976 Standard Atmosphere match rather closely with the measured slopes. From
the scale heights determined from slopes fit to the data an exospheric ncutral
temperature of 1100 + 150K is inferred. Not only can the neutral concentrations
of N2 and O2 be determined from the ion composition measurements but one cun
also determine the concentrations of N(45) and NO from the bottomside ion com-
position as well. 5 This, however, will not be performed here.

Atomic nitrogen ions may perhaps be the more useful species for inferring
ionospheric irregularities processes. = In Figure 3, N' shows similur irregul srits
structure as O'. The presence of N" in this lower altitude range indicates the
need for appreciable downward transport of N* since there are no significunt
chemical sources of N at night and N is rapidly destroved in reactions with O,
For example, the lifetimes of N* at 250 and 300 km are about 1 und 7 min, I‘(‘S]);L'-
tively. There was indeed a significant downward ionospheric drift of 10 m/scc us
indicated by simultaneous radar observations. 6 Because both chemistry und
ionospheric motions play equally important roles, the N* distribution cun only be
properly calculated with a detailed I' region chemical-transport model. However,
considering the short lifetimes of N+, it is perhaps unlikely that the irregulurity

structure in Figure 5 is very much greater than 10 min old.

5. Anderson, D.N., and Rusch, D.W. (1980) Composition of the nighttime
ionospheric I'1 region near the magnetic equator, J. Geophys., Res,
5&2:2650.

6. Szuszczewicz, E.P., Tsunoda, R.T., Narcisi, R., and Holmes, J. (.
(1980) Coincident radar and rocket observations of equatorial spread-},
Geophys. Res. Lett, (in press),
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The N* distribution at higher ultitudes also presents some interesting features
us shown in the N7 /707 ratio versus altitude in Figure 9. It is seen that the Nt/ot
ratio is considerably smaller inthe large scale depletions than in the adjacent
"zero order’ areas. This and the magnitude of the 0" and N concentrations suggest
that the depletions originated at or near the bottomside F region where

0] -

[()+] hole* The radar data revealed that the large scale depletion at

15
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475 to 500 km wus at nominal altitude for more than 30 min and that its upward rise
velocity was essentially zero. ' Further, the radar messurements indicated that
spread F occurred shortly after ionospheric motion reversal from upward to
downward when the I region ledge was at much higher altifudes. ' Thus, while it is

still correct that the ion composition indicates thut the source region of this bubble

7. Tsunoda, R.T. (private communication)
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was at uor near the F region ledge, the ledge was probably at much higher altitudes
than 250 ki when these bubbles formed, ‘The picture here seems to be that the
bubbles are somewhat continuously generated near the ledge und then move upward
while the ledge 1s drifting downward during the night.  Our particuluar rocket launch
took plice when the 1rregularities were in the decay phase which s defined as the
period after the depletion's upwurd motion has stopped.

tf the radar measurements were unavailable und it was presumed that the 475
to 500 ki depletion originated near 262 km where stnilar O" concentrations pre-
valled, one can caleulate un upper limit of the bubble vertical drift velocity by
utilizing the source reglon levels of NOT and ().)'. The molecular ion concentrations
In the source pregion are not preserved at high(-.;' altitudes because of losses by dis-
souclative recombination and a4 simultaneous loss in production by won-atom inter-
choange and charge exvhange reactions since [\3] and [()2] decrease markedly
with altitude,  The longer it takes a bottomside depletion to move upward, the more

likelv the elimination of molecular ion signatures when [ ) ] T N o ([V )‘] - [( ).,4]) .

In the case of the 475 to 500 km depletion, a vertical transport time somewhat
greater than 360 sec would account for the molecular ion deficieney.,  This estinade
is based on an instantuneous displucement of the bottomside ion compousition to the
475 to 500 km range and a calculation showing that in about 6 min the molecadar

ion levels would be comparable to the ones in the depletion. This time estinde
would then suggest an upper limit of about 600 m/scc for the depletion s voerpce
vertical drift velocity., However, the radur measurements showed the bubbic ooas
essentially stopped for some time and, considering the short ifetime of N7 an the
lower sltitude region near 275 km, it is unlikely that the lower altitude N7 benels
could be muaintuined if the source region was at this low altitude wath the bubble

subsequently rising to about 500 km even if the upward dreift velocity was 800 m/sec,

Further the [\*] in the higher altitude hole is somewhat Larger than in the source

pegion where [()*] = [“‘]l . \ithough the O in the source would be cssentially
101e

preserved during the upward traversal ime, NG would not and would certain!y show
v decas. This all aindicates that the source reglon for the 475 to 500 ki hole was
mdeed at the ledge, but when this ledge was ot higher altitudes where the N* con-
centrations could endure.  The exact altitude of the ledge 1s also dependent on the
bubble's vertical velocity; a fuster upward drift means the bubble could have initiated
4t Jower heights,

Meteoric species measured on PLUMEX 1 are shown in Figure 10, Iron and
magnesium ions were present up to 180 km with peak concentrations of up to about
100 ions/cc,  Meteoric ions, mainly T\Ig*. were detected at much higher altitudes

but only in concentrations of 5-10 ions/cc.

17
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Figure 11 shows the contaminant species, OH'(17) and 112()4(18). which were
about 1 percent of the total plasma density., The 112()* ions are produced through
the rapid charge transfer reaction of 0" with !12() outgassing from the rocket,
This had only u very small affect on the ambient species measurements. It 13 not

O toproduce OH"

clear how the OH ion was produced; since the 0" reaction with H2
is slightly endothermic.

Figure 12 presents the NOT/0," ratio exhibiting values of 10 to 20 in the I'1
region and rapidly decreasing at the ledge to & steuady value of 1 £ 0.2 from
260 to 450 km.

Finally, Figure 13 shows the upleg and downleg aperture current measure-
ments.  The negative spikes on descent are due to the attitude control system's
?\’2 guas bursts. Note that there are several depletions seen on downleg also and
that the ledge is about 25 km lower,

18
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3.2 PLUMEX2

The PLUMEX 2 payload was launched six days later and about 2-1/2 hr earlier
in the evening. Figure 14 shows the altitude versus current ascent measurements
of the aperture plate output and the species, O+. N+. NO* and 02+. In this flight
the payload did not separate fromthe rocket motor which rendered the attitude
control system ineffective. The vehicle's attitude was stable up to 300 km above
which the angle of the attack increased and varied causing the modulations in the
data. Nevertheless the F region ledge is now seen to be near 350 to 360 km. If a
10 m/sec downward drift was still prevalent, then this ledge would appear near

that of PLUMEX 1, 2-1/2 hr later, the time of the PLUMEX 1 launch.

Figure 14. Ascent
Measurements of
PLUMEX 2 Presenting
the Aperture Plate,
O+, N+, NO* and 02+
Current Profiles.
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Figure 15 presents the upleg and downleg measurements of the aperture plate
current. The irregularities, especially those of smaller scale between 350 and
400 km, cannot be entirely explained by vehicle aspect modulations and are
probably real, representative of bottomside Spread F. The descent measurements

depict a quiet, unperturbed ionosphere.
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Figure 15. A Comparison of the Ascent and
Descent Aperture Plate Current Profiles.
The descent profile depicts a quiescent
ionosphere
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The meteoric species measured on PLUMEX 2 are shown in Figure 16,
Significant concentrations of iron and magnesium ions are seen in lavers up to
260 km, about 80 km higher than PLUMEX 1. These species were perhaps moved
to higher altitudes by earlier upward ionospheric drift and essentially remained
there because the downward motion after ionospheric drift reversal was not opera-
tive long enough to drag them to lower altitudes.

All these data are still in the process of reduction and analvsis, Descent
species measurements, current-density conversions, and remowval of the aspect
modulation in PLUMEX 2 remain to be performed. Finallyv these data need to be
fit to an F region chemical-transport model from which detailed irregularities

processes may be determined,
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Figure 16. Meteoric Species Measured
on Ascent
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4. CONCLLSION

A considerable amount of information on ionospheric plumes and processes
can be obtained from ion composition and structure measurements during such
events. Preliminary analysis of the results leads to the following comments and
conclusions:

ta) The measurements clearly demonstrated that not all holes contain
enhanced bottomside molecular and metal ion species, indeed none of the holes
had such signatures,

{b) The composition signatures not only proved the depletion's source region
to be at or near the F region ledge but also can be used to determine the zltitude
of the ledge at the time of depletion formation,

(c) Evidence was presented from the molecular ion distributions that showed
a stable neutral atmosphere in the simultaneous presence of strong ionospheric
fluctuations suggesting that neutral atmospheric turbulence is not a major source

of bottomside plasma irregularities,

(d} From the ion composition measurements, it is possible to derive N2, OZ'
N(4S) and NO neutral concentrations as well as the atmospheric neutral temperature,
(e) Utilizing the composition measurements and ion chemistry, one can
estimate limits on bubble lifetimes and rise velocities under certain conditions.
(f) Finally, the in-situ measurements along with the radar measuremr nats of
ionospheric motions will allow a more detailed determination of ionospheric

irregularities processes when coupled to F region chemical-transport model
calculations.
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