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Structure and Composition Measurements

in Equatorial Ionospheric Bubbles

I. 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

ions (NO+) oftentimes more abundant than 0+ which predominated outside the holes.

Depletions in 0+ 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.

2. Hanson, W. B. , and Sanatani, S. (1973) Large Ni gradients below the equatorial
F peak. J. Geophys. Res. 78:1167.

3. Brinton, Ii. C., Nlayr, H.G., and Newton, G. P. (1975) Ion composition in the
nighttime equatorial F-region: Implications for chemistry and dynamics
(abstract), EOS Trans, AGU 56:1038.

4. McClure, J. P., Hanson, W. B., and Hoffman, J. If. (1977) Plasma bubbles and
irregularities in the equatorial ionosphere, J. Geophys. Res. 82:2650.
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of some of the measured bite-outs, especially those of large scale, and the compo-

sition changes as well.

In order to determine equatorial irregularities processes more clearly it was

recognized that detailed vertical profiles of the ionospheric plasma p-rameters

were needed (as well as the satellite measurements), coincident .vith radar,

ionosonde and neutral wind measurements. Such an effort, designated "PI'lMEX'

was conducted by the Defense -N.lear Agency.

The PLUMEX program, designed to measure equatorial ionospheric irregulari-

ties and their effects on communications channels and radar, %was conducted at the

K.vijalein Atoll (4. 3°N dip latitude) during July 1979. As part of this effort two

multi-instrumented Terrier Alalemute 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, PLUAIEN 1, was launched 17 July (0031:30. 25 local time) and the second,

Pl AIIE'X 2, 23 July (2157:30.4 local time). In this report we present the results

from the ion mass spectrometer experiments only. We believe that these repre-

sent the first vertical profile measurements of the detailed ion mass composition

and structure in equatorial ionospheric plumes.

2. INSTR, MWNT\TION AND ME.-SUREMENT 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 programmed 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 issocited

with the mass number's a re 1 l' ), 411e+), 14CN4), 16(()'1. contaminants from .,te

vapor' of 17(T i ), 18(if2() ), and 19(11 3W ), 23 (Na'), 24-25-26(iNIg'), 27\1),

28(Si ), 30)N() ), 32(0 2 + ) and 54-o)F(.e+ ). The reniaining mass nunibeirs \%ere

saimpled to establish background levels. Between 110 and 588 ki, the iltitude

resolution of the aperture plate output decreasod from 1.5 to 0. 2 or aile thtt for

the important ion species decrea sed from 150 to 20 rit eaci aring with fic %hicle

\ o ait.k a hich dirinished k ith increasing ailtitude. The instrument was a MUnttd on

thew irckt axis at the for% ,rd end of the pa,,load. The [.U\IiN palo:td configura,-

tion and flight scenario i:re des ribed in I igtire 3.

8



APERTURE
-10V LOG

ON DENSITY

-SV . .OUTPUT

QUADRUPOLE HOUSING

-ISV BIAS Figure 1. Schematic of
RF 4 MHz the Quadrupole Ion Mass

Spectrometer

-30V

20STAGE E
MULTI- LOG

PLIER AMP 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

8. 1 4 14 16 32

9. 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 31 32

SAMPLE RATE: 10 MS/AMU

PROGRAM TIME: 0.8 SECONDS

Figure 2. Spectrometer Program for the
Measurement of Selected Ion Mass Numbers
at lligh 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 2 khz and plotted) and the species of 0* N+
, 02 " 

and NO + 
measured onascent on PLUAIEX 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 0 + 

ions whichrose by more than three orders of magnitude over a space of less than 20 ki.
Estimated ion densities were about 6 X 105 ions/cc at the F peak and about1100 ions/cc below the ledge with an accuracy of roughly a factor of 2.
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tha the 0+ and N+ ions generally follow the ionospheric fluctuations as depicted by

the aperture plate current while NO+ and 0 do not. It can be shown that the NO+

and 02 + have steady state distributions under the prevailing ionospheric conditions.

1I . . ..... . . . . . .*"}.. . . . . . . ..b- • ,,- -

123 
APERTURE

PLUMEX I PLATE
1 2 2 2 0 S K W A J A L E 'I N C U ER TR E

17 JULY. 1979

12 l 0031:30 LT 'RT(j

120-280

0.% -

118 27Sa

- 6 270

No+
ASCENT

265.. ... .... - ....-10-10 10
- 9  

10
-  

10
7 

O-

CURRENT-AMPS

Figure 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 (a '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 02 + concentra-

tions should be directly proportional to the N2 and 02 concentrations respectively,

as long as [()+] z N( > > ( [NO] + f2+] ) . The molecular ions can achieve

their steady state values in a relatively short time. An estimate of this time may

be made by referring to Figure 5. Assuming first a zero order ionosphere and

then the immediate removal of 90 percent of the plasma (the hole near 273 kin)

causing a 90 percent depletion in 0 + , NO + and 02 . The time required for the

molecular ions to return to their steady-state values by the chemistry in Figure 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 an abrupt depletion mecha-

nism. However, the No+ and 02 + distributions do indicate normal, relatively

smooth N ad profiles, and this suggests that neutral atmospheric turbulence

is not a major source for bottom side ionospheric plas na irregularities.
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NO* and 02 CHEMISTRY

Production: O+N 2 "-k-NO+*N 0 *02 02. 0

al 02 0igurc 6. Y Region
Loss: NO*+e - N 40 02 Chemistry of NO +

and 09+

STEADY STATE and 0* zne

NO+ = k1 N 2  02= -2 020 :

In Figures 7 and 8 it is shown that the NO + 
and 02

+ 
density profiles, and, in

particular, the slopes calculated from N 2 and 02 concentrations taken from the

1976 Standard Atmosphere match rather closely with the measured slopes. F-rtom

the scale heights determined from slopes fit to the data an exospheric nCut Nl

temperature of 1100 ± 150K is inferred. Not only can the neutral concentrations

of N 2 and 02 be determined from the ion composition measurements but Me can

also determine the concentrations of N(4S) and NO from the bottonside ion coil-
5

position as well. This, however, will not be performed here.

Atomic nitrogen ions may perhaps be the more useful species for inferring

ionospheric irregularities processes. 4 In Figure 5, N
+ 

shows similar irregul rit%

structure as 0+. The presence of N+ in this lower altitude range indicates thi.

need for appreciable downward transport of N+ since there aire no significant

chemical sources of N
+ 

at night and N
+ 

is rapidly destroyed in reactions with U,,.

For example,the lifetimes of N at 250 and 300 km are about I and 7 in. respec -

tively. There was indeed a significant downward ionospheric drift of 10 m/ser as

indicated by simultaneous radar observations. 6 Because both chemistrY ;ml

ionospheric motions play equally important roles, the N + 
distribution can onl\ he

properly calculated with a detailed F region chemical-transport model. Hlowever.

considering the short lifetimes of N + , it is perhaps unlikely that the irregularity

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 Fl region near the magnetic equator, J. Geophys. lies.
85:2650.

6. Szuszczewicz, E. P. , Tsunoda, R. T. , Narcisi, Ii. , arnd Holmes, J. C.
(1980) Coincident radar and rocket observations of equatorial spread-F,
Geophys. Res. Lett, (in press).
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Figure 8. Similar to Figure 7 but for 02 + .
The (2 + calculated density profile must be
reduced by a factor of 1. 5 to yield the
correct values

Th N
4 

distribution at higher altitudes also presents some interesting features

as shown in the N /()4 ratio versus altitude in Figure 9. It is seen that the N+/O +

ratio is considerably smaller in the large scale depletions than in the adjacent
"z(: ro orde r" areas. This and the magnitude of the W) and N+ concentrations suggest

that the depletions originated at or near the bottomside F region where

[0-] [W] hol" The radar data revealed that the large scale depletion at

15
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PLUMEX I
KWAJALEIN
17 JULY, 1979
0031:30 LT

.N 00

2 1

ligul' r "ti1 ' N /() liatio on I phFeg Denonst riting
the )iminishe.d ttios i]a the Holes

475 to 500 kn .,it %%:ismAln;onuil Atittde for atiore than :30 min and that its upw1ard rise

velocity was essentially ze ro. It Fu-ther, the. r;, datr a';easit'Vents diniated that

spread IF occurred shorfi]v after ionosphe ric motion reve rsa ] fron p\ l-d to

downward when the I region ledge was at muc.h higher altitudes. 7 Th, s. ihi ,e it is

still correct that the ion cottpotsition indicates that the source region of this bubble

7. Tsunoda. R.T. (private communication)
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wAs at tor near the F region ledge, the ledge was probably at Much higher altitudes

than 250 kite it hen these bubbles formed. The picture here seems to be that the-

bubbles are somewhat continuously generated near the ledge and then move upward

while the ledge is drifting downward during the night. (Our particular rocket launch

took place when the irregularities were in the decay phase which is defined as the

ptriod efte-r the depletion's upward motion has stopped.

if tit- raidar leasurl'lients itere unavailable and it was presumed that the 475

to 500 kni depletiot originated n'ar 262 km where sinilaxr W) concentrations pre-

vatI.- i, kt ., calculate an upper limit of the bubble vertiL al drift velocit% by

utilii ng tit seurce region levels of NW I antd C)1 
.  

he molecular ion concentrations

in tit(. soILricv region re not prserved at higher . iltittides bea use of losses h dis-

so' Let ii rc'omibination ( A Situltaneous loss tin production by ion-,itoti iter-

1i tlipe .1ed L luergt ,.x, tecng, reactions since [N] cnd [()2] dee re" ,se it.t ktdlv

'.kth ctitude. lIet- longer r- it takes a bottomside depiction to mirove uepard, the r iniore

likelI% the elimniratiorof mnolerula r ion signatu res ithen I (1 ' ] zN'-: > (L[\( ) ] f ~).)
In the cast of the 475 to 500 kil depletion, a vertical transport time some-MI.et

greater than 360 sec woult account for the nrolee'ula|' ion deficiency. "lih c-s1iie-1.-

is based on an instantaneous displacement of the bottomside ion c-omrpeteiin tc, hc.

4175 to 500 kni range and a calculation showing that in about 6 trin the r,],, i.1 l-

ion levels would be comparable to the ones in the depletion. Ihis tite,, .. vi -it

would then suggest an upper hnt of about 600 ni/see' for' the depiletfion e ,e ,r -

vertical drift velocity. llowever. the radar nrasuremenls sho%%e d tire' b.hl, .A

c-sse.nti;,ll. stopped for some tinie and, conside-ring ftit. shlri lifetini' i \ eit le(-

Itni er Altitude region near 275 kni. it is unlik-ly that tht( loit.r A ift!itle N I,,, ls

,ccilt b' rhieiintiined if the source r-tgion %tas aet tits Ioi littidte- .Iir lte bubble

subseqte-nrilx rising to about 500 kni e.ven if the teesa rd drift \cl,'it %%,,i s 600 rt/s,.

I . iteh-r 'ht' [N ] en te- highe-' ltltituel(' ItIl' is strri-ichfet lirt-gtr thrt ire ilr st tert-

eject xi% vf le r'' [ z ] [ ) Itl' \iierc lgfle fIre(- () ire fle- sou rce %isteld be 'v triAe]l

&teee -el tir-ing thet- titm~ rd t V.4eVt'5Sc tenet,. N* itetetit r1tf ci iettld t rtet( lci

dccci\. ['his ali indi'ates tht the sotr. region fe)r the 475 to 500 kil hole was

itleed at tire- ledge, but \%here this ledge %cis Aet highe-r atitode.s iMere tle- N+ c-on-

re-ntretions e ould endurt. The exact reltitud- ef fIe- l(Ige is alse dependent ten the

bubble'- ertit.el vtlot'it ; faster upward drif nivans lie bubble Cculd hre initiated

-t lo%(-r heights.

Meteoric spe-cies meistr-d on PIA MEX I are shown in Figure 10. Iron and

magnesium itns were present up to 180 km with peak concentratioms of up to about

100 ions/('c. Meteoric ions, mainly I +C, were detected at much higher altitudes

but only in concentrations of 5-10 ions/(c.

1'l
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CURRENT-AMPS

F igure 10. Meteoric Species Measured
on Upleg, Mg \%as Also Detected at
Higher Altitudes With Peak Currents in
the Vicinity of 4 X 10- 1 amps

ligure II shows the contaminant species, ()1l'(17) and II 2()+(18), hiich were

,bout I percent of the total plasma density. The I 2 0 + ions are produced through

thi. rapid charge transfer reaction of O with It2 () outgassing from the rocket.

This had only ai very small affect on the ambient species measurements. It is not

,ler hon the OH + ion was produced; since the 0 reaction with H 2 0 to produce Off-

is slightly endothermic.

Figure 12 presents the NO /O 2 + ratio exhibiting values of 10 to 20 in the Fl

r(gion and rapidly decreasing at the ledge to a steady value of 1 ± 0. 2 from

260 to 450 ki.

Finallv. Figure 13 shows the upleg and downleg aperture current measure-

nients. The negative spikes on descent are due to the attitude control sYstem's

N2 gas 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 PLUMEX 2

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, 0+ , 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 I launch.

S "-.."......

Figure 14. Ascent
Measurements of

o* APLTUnt PLUMEX 2 Presenting
----- 1 ff11T the Aperture Plate,

A 0+, N+, NO+ andCurrent Profiles.Only a portion of the

data (points every
...... 0. 8 sec) was used to

generate the profiles.
The vehicle became

PLUMEX 2 unstable above 300 kin,Ee WAJALINM the variations in aspect
2157:30LT causing the current

modulations.
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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 layers up to

260 km. about 80 km higher than PLUMEN 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 analysis. Descent

species measurements, current-density conversions, and removal of the aspect

modulation in PLUMEX 2 remain to be performed. Finally 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. CONCLISION

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:

(a) 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 altitude

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 ' 0 2 ,

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.

(M Finally, the in-situ measurements along with the radar measurerr its 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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