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Table 0V1-18 0    Events  -  P'-ak  Flux Pjsitionc 

Auroral 

I'T Time 

Date Acq. Sl.arm (Sees) I, (Hours) 

March 2U,  196Q 97 
10U 

16 
16 

585 
65332 7.6 

1.2 
19.7 

April 13, 1969 U03 22 U3688 5.2 23.6 

April 28, 1969 63U 26 l+8)+62 '-.- 23.3 

May 13, 1969 858 28 6U292 5.7 21.8 

May 15, 1969 888 
892 

29 
29 

UQI9I4 

83U39 
U.3 23.8 

2.U 

September 29, 1969 2970 Mi 67676 h.U 2.6 

December 5, 1969 U020 56 70673 5.0 o.i» 

January 30, 1970 1+862 h 75^33 6.5 !».5 

February 17, 1970 51l*i -- 77557 5.14 0.8 

March 27, 1970 5687 12 38855 5.8 H.l 

April 21, 1970 6069 18 35237 M l».9 

April 22, 1970 608U 
608U 

18 
18 

33689 
30157 

'-.3 
3.0 

June 27, 1970 7122 26 35826 3.8 l*.l 
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evidence for the isotropy of the angular distributions of the 0+ ions is 

discussed in more detail in Appendix A. The statlatical resultr, described 

above were reported at the spring meeting of the American Geophysical Union 

(Sharp et al., 1973 ). The abstract of this talk is included as Appendix B. 

Latitudinal Variations 

The spatial relationships between the 0' ions and various other geo- 

physical phenomena were investigated in some detail on one orbit during the 

2h  March 1969 magnetic storm. Comparisons with the positions of stable 

auroral red arcs were obtained on seven occasions during three magnetic 

storms. These results are described in a paper prepared for submission to 

the Journal of Geophysical Research entitled "Energetic 0 Ions in the 

Magnetosphere" by R. D. Sharp, R. 9. Johnson, I. G. Shelley and K. K. Harris 

which is included as Appendix A. 

Sharp, R. D., R. G. Johnson, and E. G. Shelley, "Observations of 
Energetic Heavy Ions Near Solar Maximum," Trars. Am. Geophys. U., 5i-', 

U32, 1973. 
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ENERGETIC 0+  IONS  IN THE MAGNETOSPHERE 

R    D    Sharp,  R.   0.   Johnson,  E.  Ü.  Shelley arid K.  K.   Harris 
LOCKHEED PAIX) AI.TU RESEARCH  UDORATORY 

Palo Alto,  California 9H30't 

ABSTRACT 

Observations oT  energetic 0+ ions are reported on seven occasions 

during three magnetic storms in 1969. The data were acquired from an 

energetic ion mass spectrometer experiment nn the satellite 1969-25B. 

Measurements were made at 1, 3, and 9 keV. Data tnm  an -rbit on March 2)4, 

1969 are examined in some detail. The 0+ fluxes are shown to exhibit a 

similar morphology to that re-norted by Shelley et al. L1972] for the Dec- 

-mber 17, 1971 storm. The latitude distribution of the 0* ?!««•• is com- 

pared to simultaneous satellite and ground-hased measurements of DtH«r 

phenomena. The most Intense 6* fluxes were found to be located equator- 

ward of the high-latitude boundary of locally mirroring energetic electrons, 

and poleward of a stable auroral red arc. They were located on a steep 

density gradient in the ambient cold plasma at the satellite altitude of 

U80 tea. A comparison of the location of the 0+ fluxes on six other occa- 

sions with SAR-arc observations acquired during the MM storms indicates 

that the low-latitude limit of the 0+ is on tlM average about one L unit 

poleward of the arc. 

Itffc^l   in     I    ■!! itf*i iri^B*<l^llTMrtl'^M—  -   ■---      ■■ iiii.n .g^^f^g^. •- 
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INTRiimiCTION 

'helley et ai. Llc,)72j reported the ditcovety of Lnt«nM fluxes .^f o 

iinr, with Sfttrgisi of up to L2 k«V luring hh« ' tCMber I7i 1971 macinetic 

storm. Fhe 0 ions vv   ibMrvwd »vw R vide rtnga >f Latltudea ( J.'i ^ I. ^ 9) 

at altitudes near BOO km.  The ■BftflnrMWntt Mn made with a set of three 

energetic ion mass spectrometers on th*' Mtellltfl 1971-089A.  The spentro- 

meters each consisted of a Wien-type velocity filter in series with an 

electrostatic analyzer followed by a '"hannel-electron-multiplier (see 

Figure l) providing both energy-per-unit-charge and mass-per-unit-char^e 

Information on the measured ^articleT.  Identification of .he observed 

heavy ions was accomplished at nine separate energies providing unambiguous 

proof of the existence of energetic ions with mass per unit charge = 16 ± 2, 

with the uncertainty determined by the mass dispersion of the spectrometers. 

Their further identification as 0 ions of ionospheric origin was inferred 

from the high abundance of this species in the thermal plasma of the iono- 

sphere over a wide altitude range [Taylor, 1973J a^d the lack of jther 

credible hypothesis.  The upper left panel of "igure 2 taken from Shelley 

et al. [■-972] shows a composite mass-per-unit-charge spectrum from the 

1971-089A data containing observations of 1-keV protons and 0 ions avez1- 

aged over different periods on revolution 876 (Dec. 17, 19'71). 

An early version of the energetic, ion mass spectrometer was flown on 

the satellite 1969-25B (GVl-18) which was launched on March L8, 1969 into 

a 99 -inclination orbit with apogee at 590 km and perigee at '470 km. The 

1969-25B instrument also consisted of three separate spectrometers (referred 

to in the following as CXA-1, -2, and -3), but they were jperated at fixed 

MM«]M«y^b__„ _ MiiMiMT   MH 
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energies per unit charge of I,  3 ana Q ReV, yr.vidin., more united spectral 

information thau the 1971-^89* ÜUtfUWnt. The vel>.ity filters each 

consisted of a l.5-kilOf«M magnetic field crossed with ar; electric field 

whi^h varied wer a linear nm» *t  J.86 secrxuis duration, torin« whi-h the 

ratemeter » each channel was samjlea U.  times.  The ratemeter tl» constants 

w.re approximately 0.2  seconds.  One of thes. spectrometers is illustrated 

in Fi^re 1.  The mass resolution ,f this ir.strument war •, t us ' . ,1 M the 

1971-089A spectrometer and because of bawdwi-lth limitati ,.,:-, thtr« were fewer 

points available on the mass-per-unU-char^e sweep.  Als., the swe^p did not 

extend over as wide a range.  This is Illustrated in the ,ther three panels 

of Figure 2  which show mass-per-unit-charge spectrums at the three energies 

per unit charge sampled by the 1969-25B spectrometer.  The data were acquired 

during the March 2h,  1969 magnetic storm. The spectrums all show protons and 

a rise at the high mass-per-unit charge end of the Wien filter voltage ramp 

which we now Identify as being due to (/ ions on the basis rf the more definitive 

data from 1971-OH9A.  The 0+ ions were observed on many occasions over the 

eighteen-month lifetime of the 1969-^H satellite, generally durin, magnetic 

storms, which occurred quite frequently during this active period near solar 

maximum.  Because the mass-per-unit-charge sweeps of the three channels of 

the 1969-253 instrument did not extend to low enough values t . go over the 

peak of the mass 16 response functions, their mass could not be uniquely 

determined from that data alone. Their identification is made now on the 

basis of their morphological similarity to the storm tine 0+ fluxes observed 

in the more recent experiment. These similarities will be described below. 

The 1969-25B data are a valuable supplement to the 1971-089A results despite 

MMIMMKiitmB iimilllitJliMilMi        i     i   il—MM■Mlliii       —^^gjn^nj^^^gi ,,„.-            —- 
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the limitations of the early instrument sinre they provide eaafinKtion 

Of the existence of the ions with M experiment on n different sai,eiii:e, 

in a different altitude range. They in also of value because of the avail- 

ability Of different kinds of -orrelativo data on the earlier satellite and 

Of published results from grnund-based observatories during the many stoms 

of the more active 1969 period near solar maximum. This repjrt will focus 

on the spatial relationships of the 0 ions to other energetic particles, 

to thermal plasma density gradients measured on the same spacecraft, and to 

the plasmapause as determined by gr^una-based observations of stable aur *«] 

red arcs (SAR-arcs). 

MARCH 2h,   1969 STORM 

As indicated above, Figure 2 shows the mass-per-unit-charge spectrums 

from the three 1969-25B spectrometers obtained on a paMtge over the north- 

ern hemisphere near local midnight on March 23/2)+, 1969 during a magnetic 

storm. The dotted response functions illustrated for the 0 peaks beyond 

the range of measurements were inferred from the known H response func- 

tions for these spectrometers and from flight data from the I97I-O89A 

+ 
instrument where the ramp extended over the entire 0 peak. The times 

over which the cara are summed are indicated in the figures. One sees 

that on this occ isic 1 the integral 0 responses in ill three spectro- 

meters were comparaule to or greater than the proton responses. 

■M»^—-■.--, .—.-^—,  ..^..^^^UU-I iiinrtMiiniMfll—MMMn Mm-      .--- 
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21 k.eV (extrapolated range) for electrons. The instniment has been described 

by Sharp and Johnson [l968j. The voltage output shown is approximately loga- 

rithmically related to the integral energy flux of electrons with energies 

well above the -  'iuold energy. The sensitivity threshold was aoout 10 

2 
ergs/cm -sec-sterad and the dynamic range corresponding to output voltages 

from l/'Z  to 5 volts was approximately 5 decades. The instrument had an 

angular acceptance of ± 20" and reference to the pitch angle tabulations at 

the bottom of the figure indicates that it was sampling loyally mirroring 

electrons in the L range above about 3-0.  The TEÜ-3 also responds to pro- 

tons with energies greater than about l/2 MeV. However, the energetic 

particle spectrometer of Imhof at al. [l97"ij, which war on tnis same satel- 

lite, measured protons with I > 1.1) MeV and its response indicated that the 

proton fluxes in this energy range were sufficiently ]ow that they do not 

affect the interpretation of the > 21 keV electron boundary.  In examining 

the TED-3 data shown in Figure 3. however, one finds that this electron 

boundary is somewhat hard to define. There was a decrease in flux it  about 

two orders of magnitude at 00:08:50 (L ■ !4.0) but it is impossible to state 

whether this was a temporal or spatial fluctuation. Weak fluxes were ob- 

served as far poleward at L ■ 5.5. The boundary is somewhere within this 

range. 

Some supplementary information can be obtained from the energetic part- 

icle spectrometer mentioned above. This was a wide angle detector (± 50'y 

which was also sampling locally mirroring electrons ao the time of interest. 

The lowest energy electron channel on this spectrometer covered the range 

(350 *> E ^ U60 keV) for electrons.  It had a sensitivity threshold of about 

0.5 electrons/cm -sec-sterad-keV. The spectrometer response indicated a 

M—— mt^Wf^m^timu ...JA 
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hii^h-latitude cutoff at appruximately the position shown by the shading in 

the lower part at  Plflttf 3. The conclusion that one can draw from examining 

the data f.-om both of these electron experiments is that the region of the most 

intense 0+ fluxes on this jccasion was 1 seated equatorward .f the high-latitude 

boundary of locally rrjrroring energetic electr >nK. 

Since the nource of the energetic ')+ rinxes is most likely the iono- 

sphere, it wculd be Of great interest to compare the fluxes with simultaneous 

measurements of the umbient ionospheric plasma.  A retarding potential 

analyser (RPA) was included in the 1969-25B payload for cold plasma meas- 

urements.  It was similar in design to instruments described in earlier 

work LHarris et al., 19^7, 1969, 1970J.  The instrument, had a dyr.amic range 

>f four decades with a sensitivity limit corresponding to ion densities »f 

2.0 x 102 ions/cm3. The RPA, however, is a direction-sensitive device, and 

requires a knowledge of the angle that the vehicle velocity vector makes 

with the normal to the plane of the entrance aperture of the instrument. 

Preflight dynamical analysis indicated that stabilized orientation of the 

spacecraft might not M achieved; therefore, four separate sensor elements 

were positioned co-planar with *ie roll-pitch plane of the vehicle.  One 

sensor was positioned with its symmetry axis along the nominal velocity 

direction.  Two sensors were placed with their viewing directions at +50 

and -50° with the nominal velocity direction in the roll-pitch plane. The 

fourth sensor was positioned with its symmetry Utifl along the nominal velocity 

direction but with its view angle looking in the negative direction from the 

nominal velocity vector. 

Stabilization of the spacecraft was indeed not achieved and the space- 

r-raft executed a slow spinning-tumbling motion.  In the sunlit hemisphere 

   i^i IM *ammmmm*m ittMtmmmmmm*»mtt»m ■^ifc-^--— - -    -   -— -  
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^ 

the veyiifle  attitu^p could be determi:.tv1  directly  from tli--  lolar aspect 

F<!nr.()rr. carried   >n  the spat .?.-raft.     In  tlM  ni/'.httinc  r*'iTA ti wlu'ii  bhfl 

solar sensnrs werr-  in iperative,   it war  poMlblfl  to extntpolftt«  tlM  ipace- 

praft attitude   infi^rmation usinr, the   natputr.  of  Hi-'  Pour  Mnton    »f the  HPA 

and  tho magnetometer.     On the   irbit  sh.-wn   in  Figure :'  the  r.pacecrat't entered 

the earth's  shadow at 0007 UT so   mly a sh-rt cxtrap H ati;iii war.  required. 

The data from the RPA provided an accurate mear.ure of tin» ambient 

thermal plasma when  the velocity vector of the spacecraft was   in  the 

acceptance  cone of anv one  of the RPA senfl »r«   (* 50    with  respect to the 

oyrtiraetry axis),     fot trie period of time under ditCUMioO   in  thir  pajjer  thc> 

vehicle  orientation was most  favorable  for   I HI  density BeMUreMOt*|  witli 

the velocity vector neai   the pitfh-roll   plane and  weeping  through  the 

.three fbnNurd-looking sensors.    The reeulti of the Mbient thenMü   Ion 

density measurements are  Shown  in  Figure 5« 

Twenty-second averages  -if the ' -keV 0    measurements   Trim  Figure   ] are 

also plotted on figure "?  for comparison with the thermal   Lon density.     ttw 

region of intense 0    flux i.   eaen   to correspond to the region  of a steep 

ionospheric density gradient at  the satellite altitwie.    This is suggestive 

of the possibility of an acceleration mecharu ;m related  to  thd  gradient, 

operating in the altitude range below about 1000 km where- the dominant 

ambient   ion   is 0    [Taylor,   1973]. 

oAR-arcs are commonly observed during magnetic storm.; when  the energetic 

0+   ions have been found  to be most  intense.    They h^/e  been  shown to be 

located near the plasmapause  LCarpcnter.   I'M;   Hoch and Smith.   1971}  ^happell 

et  -tl..   IQYU   teVeUc  ami  KIT i otU b'V."';   Nagy  et al ..   1'VPj   and  CM  therefore 

i,,. uiiii-.-fd tu liH'ntu the ener.^'tic 0    lone with reepect to this important 

•MMMUMMMMMM mmmmmm 
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ma^ietospheric boundary. On the night of March 23/2U, l'X>0, Lauche [i^Tl] 

har. reported the observation of a SAR-arc from the Granada Observatory in 

th^ r;ame longitude ran^e and at the s?Ame time as the obisrvationi r;hovm in 

Figure 3-  The location ol' tht C/VK-arr wiUi retpect to L during the period 

00:00 to 00:15 is shown in Figure 5 (Lau'-he, private eommutr -ation).  Note 

that the SAR-arc position, centered aboir, L ■ i-.l, is associated withthe 

observed depression in ambient ionospheric denpity. This is a comra oil 

observed feature [Norton and Kindlay, 1969; Nagy et al., 1972]. Hoch [l973J 

has concluded that the midpoint of the SAR-arc r^xrRs the equatorward edge of 

the plasraapause density gradient. This would imply that in this case the low- 

latitude limit of the 0 fluxes was located about one L unit poleward of this 

edge of the pla^mapause. 

Both the data presented in this paper for the March 2h,   196^ storm and 

the data for the December 17, 1971 storm presented by Shelley et al. [1972J 

show that th^ directional intensities of the 0 fluxps were generally com- 

parable to the proton fluxet in the energy range of the measurements.  If 

the equatorial pitch-angle distributions end spectrums are the same, then 

the total magnetospheric populations of the two species are also comparable 

at these times. This has important geophysical implications. For example, 

since the energy density of the 0 fluxes is four times greater than for 

proton fluxes of the same energies, the 0 may dominate the ring current 

at these times and the total D  inferred from measurements »f ring current 

positive ions with electrostatic analyzers under the assumption that they 

are protons may be substantially low. On the other hand, since the 0 ions 

are of ionospheric origin, in the absence of strong pitch-angle scattering, 

they may exist in a narrow cone at the equator an! Le of much less imp/rt- 

ance to the stormtime geomagnetic Tiold depression. 

------ ■I ■■MIMI .MftaaaBM 
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Since the 0 observations have been made at a single angle on an 

oriented and a slowly-tumbling satellite, no pitch-angle distribution meas- 

urements are currently available to investigate thii important question. 

Some prelirainery guidance can be obtained at this time, howwer, by | c >n- 

sideration of the published results from the ISIS-i satellite during this 

same March 2U, 1969 storm. Winningham, cited by KLeckner at H Hoch [l973] 

and Hoch et aL [l97l] has reported that ISIS-1 crossed tne same region of 

invariant latitude at a local time of lyOO hours at about the same universal 

time as the measurements reported here. The ISIS-l satellite was spinning 

so i ". provided pitch-angle distribution information. Also, it was at about 

3000 Van altitud« at the time of interest, to the data cover a wider range of 

equatorial pitch angles than would data from a Uwer-altitude satellite. 

The soft particle spectrometer experiment of Heikkila et nl. L1970J provides 

data in the same energy range (up to 10 keV) as the measurements reported 

here.  It is an electrostatic analyzer and so does not identify the mass of 

the measured particles. Winningham (op cit.) reported Isotropie "protons" 

of about 0.1 erg/cm'-sec-sterad at L values between 3.0 and 5.2 extending 

poleward from the vicinity of the plasmapause. As seen in Figures 3 and r). 

we observe positive ion fluxes (H+ and 0 ) of comparable intensities between 

L ■ 3.2 and 6.0 extending poleward from the vicinity of the plasmapause (on 

the basis of the SAR-arc observations). The lowest latitude fluxes in our 

observations are essentially pure 0 ions in the L range 3.3 - 3.V.  If we 

assume that this structure persists over the five-hmr Local time differen- 

tial between the two observations, then we would infer that the on/^ilar 

distribution of the 0 ions was Isotropie.  Prelminary analysis of the 

data from a number of events from both the 1971-089A satellite [j itoion 

Ufc—■f^ftimfil««iii—in  1     imiM     1      -- --     -        —^m^m^^_ ,m,^armm .J^M 
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et_al., 1972] and the 1969-2513 satellite [Sharp gt al ■ , 1973] imlicates 

that the 0 ions are observed over a wide local time range and nnually 

extend equatorward of the protons of the same energies. Thus, there tl 

some jusitifeation for the above assumption and .ome significant evidence 

for the isotropy of the 0 fluxes from thic intercomparison. 

OTHER EVENTS 

Hoch and coworkers have published the locations of a number of SAR- 

arcs during the period of the 1;X)9-25B experiment. [Hoch and Smith, 1971; 

Kleckner and Hoch, 1973]. We have searched our data for cases where we 

observe 0 fluxes during the same time periods in order to obtain addi- 

tional information on the location of the 0 fluxes with respect to the 

plasmapause. These cases are summarized in Table I. Since the 0 fluxes 

were always located poleward of the corresponding SAP-arc. we have listed 

the lowest L value at which the 0 fluxes were observed above background 

on a given satellite pass (l^™).  Since the duty cycle for acquiring the 

satellite data was relatively low (only about 10 orbits of data, of c\  minutes 

duration each, were acquired per week), we found that in general no simul- 

taneous data, or data at the relevant longitude, for comparison with the 

SAR-arcs were available. An example of the uncertainties introduced by 

such a lack of exact coordination can be seen in the differences in posi- 

tion of the SAR-arc over Granada at 0000 IfT on March 2'+ (Figure 5) and over 

Richland three hours later (Table I). SAR-arcs are more commonly stable 

in position over long periods of time, however, and often extend over a 

1—H—r 
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wido ran-'p of Ijngitude witl- only maderate variation in L LRog-li .•md g .rich. 

19^3J, BQ it Ll f'Mt that •IHM in format ion m   the relative location of uhe 
+ 

0 tlioxes and the plasmapause can be derived, at least on a statistical 

basis, even when the coordinati «M were not exact.  A ■Mture  ,- '-he i-ela- 

tive closeness of the coordination in each CAM Is provided by the A UT, 

A LON columns in Table I which show the differences in these quantities 

between the satellite and ground-based observations. The last cA.um 

shows the difference between the average L value of the £AR-arc and L. 
MlN' 

One sees that on the average the low latitude limit of the O* fliuces is 

located about one L unit poleward of the SAR-arcs and hence is inferred 

to be displaced about that distance from the hi^h-density (equfttonmrd) 

edge of the plasmapause [hoch, 1973]. This is in agreement with the result 

from the pass near 0 UT on March 2h  (Figure ':>) vnere  a more exact set of 

coordination conditions was obtained. 

SUMMARY AND HONCLUSIONS 

The location of the energetic 0 fluxes observed during a satellite 

pass on March ?.h,   1969 has been compared with simultaneous on-board meas- 

urements of other energetic particles and the ambient cold plasma. Th- 

most intense 0 fluxes were located equatorward of the hij-h-latitude bound- 

ary of locally mirroring energetic electrons and overlapping but extending 

equatorward )f proton fUixes of fch« same enercy.  They nir • wan  BMtlftlly 

overlappinc; with pre-Ipibating fluxes of aurmil Blectronfl find enerpptic 

juter belt protons.  They were located n.L the position it n   stoep density 

■■■■iMMiintiii—— inw 1      ^^nmg. ^^mm 
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f^radient in the ambient plasma in the altiturie range where 0 Is the dominant 

ionospheric constituent. This may be a clue bo their origin. 

The identification of the particles ac energetic heavy ions by the mass 

spectrometer experiment has been confirmed by measurements with an indepen- 

dent instrument. 

A corapariron with measurements from the IS1G-1 satellite has provided 

some evidence for an Isotropie angular distribution for the 0 ions at 3000 

km altitude on this occasion. 

Comparisons of the locations of the 0 fluxes on seven occasions with 

SAR-arc observations acquired during the same magnetic stoms has indicated 

that on the average the low-latitude limit of the 0 observations was about 

one L unit poleward of the SAR-arc. It is inferred, therefore, that they 

are located poleward of the plasmapause by about this distance. 

—aftOAtftft^^ftAMlA-^^. __ 
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FIGimt: CAPTIOBB 

FTIIIRE 1    A Theraatir drawint: of one of the three channels of bhfl 

energetic Ion mass spectrmeter (CXA). 

FIGURE 2    MasG-per-iinit-oharKe ipcetnau ?V « me  of the 1971-Ott9A 

spectrometers (top "Left) and ttom  the three {■><■'>- 

spectrometers.  The 1969-25B data were acquired on Mar^n 2kt 

1969. The expected positions of the various mass peaks are 

indicated by arrows. 

FIGURE 3    Data from several instruments on the L969-25B satellite 

during a traversal of T,he northern hemisphere on March 2U, 

1969. 

FIGUR/; h Enenjy spectrum of 0 ions during the indicated period on 

March 2'*, 1969.  The circles represent data from the CXA 

spectrometers and the square represents data from the CMP 

spectrometer. 

FIGURE 5    Data from CXA-3 (top panel) and the retarding potential 

analyzer (bottom panel) on March ?U,   1969 during the same 

satellite traversal for which additional data are illustrated 

in Figure 3. The Location of a SAP-arc measured simultaneously 

from the observatory in Granada, Spain is also indicated (H. 

Lauche, private communication). 
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